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ABSTRACT
The global effort to improve the lifetime, power densities and energy efficiency of
energy storage and conversion technologies, such as batteries, fuel cells and
supercapacitors, has become dramatically more extensive with increased demand
from portable electronics and the electrification of transportation. Currently, lithiumoxygen (Li-O2) batteries have been viewed as the most promising next-generation
electrochemical energy storage technology to meet the transportation application in
the near future. Unlike traditional Li-ion batteries, Li-O2 batteries abandon the
intercalation electrodes and Li ions react directly with O2 from the air in a porous
electrode. This unique battery chemistry and electrode architecture induce an
extremely large theoretical specific energy ~ 3600 W h kg-1, which may be capable of
providing enough energy storage capability for electric vehicles to drive more than
500 miles (per charge). Such high specific potential energy density is several times
higher than that possible Li-ion battery technology and can even match the 1700 W h
kg-1 for a gasoline energy system. To date, the main challenges faced by the Li-O2
batteries are the cycling-instability of electrolytes and the low round–trip efficiency
which could be increased by optimizing cathode catalysts and structures. These
shortcomings will hamper the commercialization of this technology. In the past ten
years, many advances have been achieved, but the challenges remain. In this doctoral
work, several promising efficient carbon-supported catalysts for Li-O2 batteries have
been synthesized as novel cathode catalysts and their electrical performance have
been investigated in detail. These include MnO-carbon nanotube, graphitic C3N4graphene, and B4C nanowires-carbon nanotubes composites. Meanwhile, onedimensional AgPd-Pd composite porous nanotubes were also prepared by galvanic
replacement reaction and applied in rechargeable Li-O2 batteries. These porous
XX

nanotubes show favourable rechargeability and excellent energy efficiency,
facilitating rapid O2 and electrolyte diffusion through the nanotubes, as well as
forming a continuous conductive network throughout the whole energy conversion
process. In addition, the lack of stable electrolyte for Li-O2 is another enormous
challenge to be overcome. The properties of formulated electrolytes are crucial for the
interfacial structure between the electrodes, O2 gas, and non-aqueous electrolytes and
accordingly govern the performance of Li-O2 batteries. The most widely used
electrolytes for Li-O2 batteries are almost exclusively the electrolytes composed of
organic solvents and lithium salts. Most of the conventional electrolytes still suffer
from rapid degradation with cycling, however. Herein, we have designed a special
flexible lithium oxygen battery device using a gel-solid polymer electrolyte, which
can not only avoid electrolyte evaporation, but also protects the lithium metal anode
during reaction. In this work, RuOx nanoparticles decorated uniformly on nitrogendoped graphene were employed as cathode materials. The results show that the gelsolid polymer electrolyte has high ionic conductivity and low activation energy with a
high round-trip efficiency.

Metals cathode catalysts for the Li-O2 batteries

In this study, carbon-free porous AgPd-Pd composite nanotubes were synthesized via
a galvanic replacement reaction. The composite was used as a bifunctional
electrocatalyst for Li-O2 batteries, showing favourable rechargeability and good
electrocatalyst performance with a high round-trip efficiency, owing to the high
catalytic activity of the electrocatalyst and the abundant catalytic active sites provided
by the porous nanotube structure. Therefore, this AgPd-Pd electrocatalyst with
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carbon-free porous nanotube structure is a promising bifunctional electrocatalyst for
Li-O2 batteries, with high energy density, favourable rechargeability, and high roundtrip performance.

Carbon-based cathode catalysts for the Li-O2 batteries

A composite of manganese monoxide loaded onto carbon nanotubes (CNTs@MnO)
has been also synthesized by a facile approach, in which the CNTs form a continuous
conductive network connecting the electrocatalyst MnO nanoparticles together to
facilitate good electrochemical performance. The electrocatalyst MnO show
favourable rechargeability, and good phase and morphology stability in lithium
oxygen batteries. Excellent cycling performance is also demonstrated, in which the
terminal voltage is higher than 2.4 V after 100 cycles at 0.4 mA cm-2, with 1000 mAh
g-1 (based on composite) capacity. Therefore, this hybrid material is efficient for use
as a cathode material for lithium oxygen batteries.

To achieve high energy density, long cycling stability, and low cost a suitable cathode
electrocatalyst is needed for Li-O2 batteries, here, we first report a metal-free, freestanding macroporous graphene@graphitic carbon nitride (g-C3N4) composite air
cathode, in which the g-C3N4 nanosheets can act as efficient electrocatalysts, and the
macroporous graphene nanosheets can provide space for Li2O2 to deposit and also
promote the electron transfer. The electrochemical results on the graphene@g-C3N4
composite air electrode show a 0.48 V lower charging plateau and a 0.13 V higher
discharging plateau than those of pure graphene air electrode, with a discharge
capacity of nearly 17300 mAh g-1 (based on mass of the composite). Excellent cycling
XXII

performance, with the terminal voltage higher than 2.4 V after 105 cycles at 1000
mAh g-1 capacity, can also be achieved. This hybrid material is a promising candidate
for use as a high energy, long-cycle-life, and low-cost cathode material for Li-O2
batteries.

B4C nanowire as a novel bifunctional electrocatalyst was synthesized using
carbon nanotubes as the template. Because of the highly efficient catalytic
activity, together with the abundant catalytic sites in the B4C nanowire and carbon
nanotubes composite, this material exhibits great catalytic activity as an efficient
bifunctional catalyst for the oxygen reduction and evolution reactions in lithium
oxygen batteries. Excellent cycling performance under capacity limited mode is
demonstrated, in which the terminal discharge voltage is higher than 2.2 V after
120 cycles at a current density of 0.4 mA cm-2. This novel composite has been
proved to be a promising bifunctional electrocatalyst for lithium oxygen batteries,
with high energy density, favourable rechargeability, and high round-trip
efficiency (76%).

Gel-solid-state electrolyte for the Li-O2 batteries

A hybrid gel/solid-state polymer electrolyte has been used as the separator and
electrolyte in the Li-O2 batteries for the first time. This kind of electrolyte can not
only avoid electrolyte evaporation but also protects the lithium metal anode
during reactions over long-term cycling. RuOx nanoparticles decorated uniformly
on nitrogen-doped graphene were employed as the cathode materials. Due to the
high ionic conductivity and low activation energy of the gel-solid-state
XXIII

electrolyte, excellent cycling performance is demonstrated, in which the terminal
voltage is higher than 2.2 V after 140 cycles at 0.4 mA cm-2, with 1000 mAh g-1
(based on composite) capacity.
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Chapter 1

Introduction

The electrification of transportation and large-scale deployment of renewable energy have
been indispensable strategies for addressing serious issues with global climate change,
energy security, and sustainability. Lithium-oxygen (Li-O2) batteries are considered as the
most attractive next-generation energy storage and conversion devices due to their
potential high energy density (up to 2-3 kW kg-1), exceeding that of any other existing
energy storage system for storing sustainable and clean energy to reduce greenhouse gas
emissions and the consumption of non-renewable fossil fuels. The technology of Li-O2
batteries is based on the deposition of Li2O2 during discharge: the oxygen reduction

reaction (ORR), and the decomposition of Li2O2 during the charge process: the
oxygen evolution reaction (OER), which are two important processes that determine
the performance of Li-O2 cells. A lithium-air cell when discharged to the lithium
peroxide composition (Li2O2) at an average potential of 2.96 V would provide a
theoretical specific energy of 3623 W h kg-1 and when discharged to O2 at the same
potential would provide a theoretical specific energy of 5204 W h kg-1. Such high power
density is capable for providing enough energy storage capability electric vehicles (EV)
and hybrid electric vehicles (HEVs).
Generally, Li-O2 batteries can be divided into four different categories based on the
electrolyte used in the batteries: non-aqueous, aqueous, hybrid, and all-solid-state
batteries. Among them, due to the insufficient ionic conductivity of solid-state
electrolytes, liquid electrolytes including non-aqueous and aqueous systems have been
extensively investigated. Recently, the use of non-aqueous media in a Li-O2 battery
proved to be more feasible than the usual aqueous electrolyte to alleviate parasitic
corrosion on Li metal at the anode. Furthermore, the theoretical energy density of non1

aqueous Li-O2 battery is higher than that of an aqueous battery, because water or acid
would be involved in the reactions in the aqueous system. Thus, to date, the non-aqueous
configuration has attracted the most attention worldwide compared to other electrolytebased Li-O2 batteries. As a result, this doctoral thesis is focused on the research on nonaqueous Li-O2 batteries.
At present, the non-aqueous Li-O2 battery is typically composed of a lithium metal anode,
a porous air cathode opening to O2 in the atmosphere, and a lithium-ion-conducting
organic liquid electrolyte between the two electrodes. The overall electrochemical
performance of Li-O2 cells is largely determined by the properties of the electrolyte and
the electrocatalyst on the air cathode electrode. The recent research effort that has been
put into advanced materials for non-aqueous Li-O2 batteries could be described in terms
of the following directions: (1) exploration of new electrocatalyst materials, (2)
investigation of cycling-instability of non-aqueous electrolytes, and (3) improvement in
the electrochemical performance of the existing electrocatalysts by employment of
different synthesis techniques, formation of various morphologies, doping with different
elements, making composites, etc. Therefore, in this project, we explored various
different types of electrocatalysts and their electrochemical properties for Li-O2 batteries
were well tested. In addition, a novel hybrid gel-solid state polymer electrolyte was also
used as both separator and an electrolyte for lithium oxygen batteries, and its stability was
investigated in detailed.

The main scope of this study is outlined as follows:

Chapter 1 contains the introduction and an outline of the thesis.
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Chapter 2 presents an extensive literature review related to the Li-O2 batteries. This
chapter includes the general background, a brief history, basic concepts and principles,
and current challenges for rechargeable Li-O2 batteries.

Chapter 3 commences with the overall material synthesis techniques for electrocatalysts,
and the physical and electrochemical characterization methods in this study. The details
of the starting materials and chemicals used in the synthesis and fabrication are also
presented. Additional specific details are given at the beginning of each chapter as
required.

In chapter 4, we use the galvanic replacement reaction to synthesize one-dimensional
AgPd-Pd composite porous nanotubes, which can act as an efficient bifunctional catalyst
for the ORR and OER in lithium oxygen batteries. This porous nanotube structure shows
favourable rechargeability and excellent energy efficiency, facilitating rapid O2 and
electrolyte diffusion through the nanotubes, as well as forming a continuous conductive
network throughout the whole energy conversion process.

Chapter 5 is devoted to a composite of manganese monoxide (MnO) loaded onto carbon
nanotubes with a unique coating structure, in which the CNTs form a continuous
conductive network connecting the electrocatalyst MnO. This kind of composite material
shows excellent discharge/charge performance in Li-O2 cells, delivering 6360/5510,
5916/4974, 4137/3905, and 2527/2293 mAh g-1 at 0.1, 0.2, 0.4, and 0.6 mA cm-2 current
densities, respectively, in the fully-discharged stage. Furthermore, the CNT-MnO
composite also shows favorable discharge/charge and cycling performance at 0.4 mA cm2

current density with limited specific capacity of 1000 mAh g-1, with a higher ORR

potential as well as a lower OER potential than the other electrodes. The voltage obtained
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at the discharge terminal is higher than 2.4 V for 100 cycles. It is revealed that CNT-MnO
composite is an excellent candidate for use as a cathode electrocatalyst material for the
Li-O2 battery.

In Chapter 6, B4C nanowires were synthesized by a simple reaction between carbon
nanotubes and boron nanopowders using nickel as the catalyst at high temperature. Asprepared B4C nanowires can act as an efficient bifunctional electrocatalyst and promote
the formation of dendritic type Li2O2. The electrochemical results on the composite show
nearly 16000 mAh g-1 capacity above 2.5 V at 0.2 mA cm-2 current density and a 2.73 V
discharge voltage plateau. Excellent cycling performance is also demonstrated, in which
the terminal voltage is higher than 2.2 V after 120 cycles at 0.4 mA cm-2, with 1000 mAh
g-1 capacity limitation. All of the good performance is attributed to the excellent catalytic
performance of the enormous B4C nanowires towards the ORR and OER reactions in the
composite. As a result, this B4C-CNT composite has proved to be a next-generation
promising electrocatalyst for Li-O2 batteries

Chapter 7 reports a metal-free, free-standing macroporous graphene @ graphitic carbon
nitride (g-C3N4) composite air cathode for the first time. Such a binder-free electrocatalyst
electrode with free-standing macroporous structure exhibits excellent capacity because of
the enormous density of deposition sites for reaction products (Li2O2). It shows favorable
rechargeability and good electrocatalyst performance, with a high round-trip efficiency
because the g-C3N4 nanosheets attached on the graphene nanosheets play a key catalytic
role towards the ORR and OER reactions. The electrochemical results suggest that this
metal-free, free-standing macroporous graphene@ graphitic C3N4 structure is promising
for use as an ideal air electrode for Li-O2 batteries, with high capacity, favorable
rechargeability, and high round-trip performance.
4

The electrolyte is another most important component for Li-O2 cells. Therefore, the
replacing of the conventional liquid electrolytes may be another promising strategy to
address the challenges of practical application for Li-O2 batteries. In this thesis, Chapter 8
identifies a gel-polymer electrolyte (GPEs), which is generally composite of liquid
electrolytes in a polymer matrix for Li-O2 batteries application. This electrolyte is suitable
for over long-term cycling, based on its excellent ionic conductivity, high safety and
mechanical flexibility. Compared with the generally used liquid electrolyte, the GPE
shows high ionic conductivity and low activation energy, and it can also not only avoid
electrolyte evaporation, but also protects the lithium metal anode during the reactions in
long-term cycling. In this work, the GPE served as a separator in the Li-O2 cell as well.
Excellent cycling performance is demonstrated, in which the terminal voltage is higher
than 2.2 V after 140 cycles at 0.4 mA cm-2, with a limited capacity of 1000 mA h g-1. The
superior electrochemical performances show that this GPE is promising for use as a
separator as well as an electrolyte for Li-O2 batteries with good mechanical flexibility in
the future.

Finally, the main results and achievements of this doctoral thesis are summarized in
Chapter 9, followed by the lists of references and publications during the period of this
study.
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Chapter 2

Literature Review

2.1 General background
Currently, fossil fuels supply over 85% of the world’s ever-growing energy demand.
There is increasing concern about the global climate change resulting from the
worldwide use of fossil fuels, which releases large quantities of CO2 and other
greenhouse gases to the atmosphere. The petroleum that is used for automobile and
light truck applications represents 34 % of the world’s total primary energy source,
which is considered as a major cause of geopolitical instability. Therefore, electrical
energy storage is attracting significantly more interest nowadays, beginning with the
advent of hybrid electric vehicles (HEVs) and will accelerate as plug-in hybrid
electric vehicles (PHEVs) and ultimately pure electric vehicles (PEVs) gain a larger
share of the market (1-3). The use of alternative energy sources, such as unclear,
solar, and wind power, would reduce our dependence on fossil fuels and, thus, also
reduce CO2 emissions, but devices to store their energy are sorely needed. One of the
most viable candidates for such devices is the rechargeable Li battery (1,4).
Over the years, the scientific community has focused its interest on advanced Li-ion
batteries with only incremental improvements being made. The formidable challenge
for applying the current prevailing Li-ion batteries in HEVs is the specific energy and
energy density delivered, which is predicted to reach an asymptotic limit at specific
energy of 250 W h kg-1, due to their intrinsic features (5). This falls quite short of the
1750 W h kg-1 tank-to-wheel value that is currently achieved with gasoline in the U.S.
Therefore, beyond the intercalation chemistry in Li-ion batteries, new chemistry,
especially electrochemistry, and new devices need to be explored to meet the
requirements of high specific energy and energy density per discharge-charge cycle.
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One such technology is the Li-O2 battery, which is based on the Li-O2 electrochemical
couple (6, 7). In contrast to the Li-ion batteries, Li-O2 batteries can store the discharge
product Li2O2 in the pores of the cathode and the reactive product O2 in air, which
induces several times higher energy density than that of current state-of-the-art Li-ion
battery technology (Fig. 2.1). Li-O2 batteries captured significant scientific interest in
the late 2000s due to advances in materials technology and an increasing demand for
environmentally safe and oil-independent energy sources (8). Interest in them has
increased sharply recently, as evidenced by over 300 research papers published on
this topic in the past 3 years alone. This intense research activity can be attributed to
the extremely large theoretical specific energy ~11680 W h kg-1, which is not much
lower than that of gasoline (13000 W h kg-1), and the open cell configuration that uses
air as the reactant (9, 10). Therefore, a fully developed Li-O2 battery system is
expected to truly surpass the current battery technology, even that under development
for deployment in the medium term (~ 400 W h kg-1), and meet the requirements for
PEV application.

Figure 2.1 Gravimetric energy densities (W h kg-1) for various types of rechargeable
batteries compared to gasoline. The theoretical density is based strictly on
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thermodynamics and is shown as blue bars, while the practical achievable density is
indicated by orange bars and numerical values. For Li-O2 batteries, the practical value
is just an estimate. For gasoline, the practical value includes the average tank-towheel efficiency of cars (11).

2.2 Brief History

Primary metal/O2 batteries were already at the centre of attention a few decades ago,
with the first review by Blurton and Sammells dating back to 1979 (12). The
theoretical specific energy densities for primary metal-air batteries are higher than for
ion-based approaches, due to the use of atmospheric oxygen as the cathode,
eliminating the traditional cathode structure. At the time, the authors did not see
practical vehicle application for the Li/O2 cell chemistry, as opposed to then more
promising Zn/air batteries (13). They did, however, recognize the high theoretical
gravimetric energy density that could be reached with Li2O as discharge product (with
the optimistic value of 11 148 W h kg-1 provided at the time). Interest in the subject
was renewed in the mid-1990s, when Abraham and Jiang (7) reported the first study
on a non-aqueous Li-O2 battery system with a lithium metal anode, a gel polymer
electrolyte, and a carbon substrate for the O2 cathode. Oxygen from the atmosphere
enters the pores of the carbon cathode to serve as the cathode active material. Under
discharge this oxygen is reduced and the products stored in the pores of the carbon
electrode. The Li-ion conducting gel polymer electrolytes were based on
polyacrylonitrile (PAN) and polyvinylidene fluoride (PVdF). Nevertheless, Li-O2
batteries failed to attract significant attention during the next decade because of the
technical difficulties involved in achieving high energy density and extended cycle8

life. A decade later, Bruce and his co-workers (14) replaced the polymer electrolyte
with an organic electrolyte and used Li2O2 embedded into carbon and MnO2 as a
cathode, and demonstrated the rechargeability of this Li2O2 electrode. The relatively
simple configuration and huge specific capacity of the Li-O2 battery quickly received
much attention around the world. This directed new research into Li-O2 batteries.
Since then, Li/air technology has quickly gained a prominent position among the
electrochemical energy-storage technologies that are deemed to provide a solution to
the low-energy-density conundrum (9, 15).
Many researchers are now focusing on the development of advanced catalysts and
cathode substrates to improve efficiency and cycle life using mostly organic
electrolytes. Materials used as cathode supports comprise porous carbon, graphene
and carbon nanotubes (CNT) (16) or carbon nanofibers (CNF) (17, 18) with catalysts
such as metal oxides (MnO2 (19, 20), Co3O4 (21, 22)), noble metals (23, 24), and
others (25, 26). On the other hand, the electrolyte formulation has a very large effect
on discharge capacity and rate capability. These performance variables can be
correlated to the solubility, diffusion coefficients, and partial pressure of O2 in the
electrolyte (27, 28). Therefore, other researchers have been focused on developing
cycling-stable electrolyte for Li-O2 batteries. Read and co-workers (29) have shown
that the discharge product (Li2O2/Li2O) and location of the product in relation to the
air electrode is dependent on the electrolyte type and discharge rate. It was
subsequently shown that the discharge product from oxygen reduction is Li2O if the
discharge potential is allowed to fall below 2.0 V (vs. Li/Li+). As a result, many
researchers limit the discharge window to above 2.0 V, with the expectation that Li2O
is too thermodynamically stable to be easily decomposed upon charging. At an
industrial level, in 2009 IBM launched the “Battery 500” project, which had the
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ambitious aim of developing a Li/air battery that could ensure a 500 mile driving
range, and it was thought that soon enough that technology would make it to practical
applications (30). Initial excitement soon dwindled; however, as scientists realized
that the subject was more complex than initially suspected (31).

2.3 Working mechanism

Li-O2 batteries have been developed in different areas according to the electrolytes
employed, and they can be divided into four major architecture systems: (1) nonaqueous, (2) aqueous, (3) all-solid-state and (4) hybrid systems (32), as shown in Fig.
2.2. For all types of Li-O2 systems, an open system is required to obtain oxygen from
the air because oxygen is the active material of the air electrodes. Li metal must also
be used as metal electrode to provide the lithium source for all the systems at the
current stage. Most of the time, electrocatalysts are essential to promote the ORR and
OER during the cell discharge and charge. In the case of the aqueous and hybrid
aqueous/non-aqueous systems, a protective layer for Li metal, which prevents the
vigorous reaction of lithium with water, is necessary to enable the desired
electrochemistry. The researchers have proved that the theoretical energy density of
the non-aqueous Li-O2 system is higher than that of aqueous systems, because of the
water or acid that would be involved in the reactions in the aqueous system (14). The
chemistry at the oxygen electrode differs depending on the electrolyte. Aqueous and
hybrid systems share the same reaction mechanisms since the air electrodes in both
cases are exposed to an aqueous electrolyte. The solid-state Li-O2 battery may
function similarly to the non-aqueous system, although it has not been widely studied
in detail due to the lack of a solid-state electrolyte with sufficient lithium ion
10

conductivity (33). For this reason, we only focus on the non-aqueous Li-O2 systems,
since it has dominated the research effort on Li-O2 batteries for the past decade.
.

Figure 2.2 Schematic illustrations of the four different architectures of Li-air batteries
(32).

Out of all of the Li-O2 batteries, the non-aqueous Li-O2 batteries possess a relatively
simple structure and are similar to Li-ion batteries, except that the cathode is exposed
to air or oxygen. The performance of non-aqueous Li-O2 batteries is governed by the
cathode, the non-aqueous electrolyte, the pressure of O2 gas (34), the CO2 content and
the humidity (35), etc. In the early stages of the development of non-aqueous Li-O2
batteries, however, non-aqueous electrolytes and cathodes were the focus of
investigation. Li foils is currently generally used as the anode, but will ultimately be
replaced due to safety issues before the deployment of Li-O2 batteries. The cathode
functions as an ORR catalyst during charge and hopefully works as an OER catalyst
11

during discharge, though its necessity has been challenged (36). The principles of
non-aqueous Li-O2 battery operation are shown in Fig. 2.3. Based on these principles,
theoretical voltages have been calculated for possible Li-O2 cell reactions as follows:

2Li + O2 → Li2O2, ∆G0= -571.0 kJ mol-1 (E0=2.96 V)

(2.1)

4Li + O2 → 2Li2O, ∆G0= -562.1 kJ mol-1 (E0=2.91 V)

(2.2)

Besides Li2O2, two other products could also be formed at the cathodes. The existence of
O2∙- has been experimentally demonstrated in non-aqueous electrolytes in the absence of
Li ions. The half-life of O2∙- was found to be dependent on the nature of the electrolyte
cations, such as tetrabutylammonium cations (Bu4N+) (15, 37), which are present in the
electrolyte solution and the organic solvents employed. LiO2 was observed as an
intermediate using surface enhanced Raman spectroscopy (SERS) in 0.1 M lithium
bis(trifluoromethylsulfonyl) amide (LiTFSA) in acetonitrile (15).

Figure 2.3 Schematic representation of the principle of non-aqueous Li-O2 batteries (32).
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In order to clarify the ORR mechanism in non-aqueous Li-O2 batteries, Laoire and coworkers (38) recorded CV with glassy carbon as a working electrode in an electrolyte
consisting of 0.1 M LiPF6 in dimethyl sulfoxide (DMSO) with various potential windows.
By gradually expanding the potential limit from 2.57 to 1.35 V, the anodic peak as a
result of Eq. (2.3) went from the present to absent. The effects of Eq. (2.4) presented the
strongest intensity when the potential limit was 2.45 V, and those of Eq. (2.5) became
obvious when the potential limit was at 1.35 V. In the Tafel plot derived from the CVs,
the 120 mV dec-1 Tafel slope was typical of a one-electron process, and the slope of 220
mV dec-1 was due to a second reduction step (38). According to these observations, the
ORR processes can be described by Eqs. (2.3-2.6). O2 is first reduced to LiO2 via a oneelectron process, then to Li2O2, and finally to Li2O. These products are oxidized during an
anodic scan as described by Eqs. (2.7-2.9).
Cathodic (ORR):
O2 + Li+ + e- → LiO2

(2.3)

2LiO2 → Li2O2 + O2

(2.4)

LiO2 + Li+ + e- → Li2O2

(2.5)

Li2O2 + 2Li+ + 2e- → 2Li2O

(2.6)

Anodic (OER):
LiO2 → O2 + Li+ + e-

(2.7)

Li2O2 → O2 + 2Li+ + 2e-

(2.8)

Li2O → 0.5O2 + 2Li+ + 2e-

(2.9)

2.4 Basic concepts

In order to describe the battery system and evaluate the performance of the
electrochemical reaction, some basic concepts are discussed below:
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•

Potential

All the energy storage and power characteristics of batteries can be deduced directly
from the theromodynamic and kinetic equations that arise from the properties of the
active species involved. Each of electrochemical reactions is related to a standard
electrode potential, E0, which can be calculated from Gibbs free energy. Under
equilibrium conditions:
∆G = W = -nFE0

(2.10)

Where ∆G is the Gibbs free energy, F is Faraday constant (96485 C), n is the number of
electrons involved in a stoichiometric reaction and E0 is the electrode potential. The
amount of electricity produced, nF, is determined by the total amount of materials
available for reaction and can be thought of as a capacity factor; the cell voltage can be
considered to be an intensity factor. Under standard conditions:

E0 = −∆𝐺�𝑛𝑛
•

(2.11)

Overpotential

In electrochemistry, overpotential is the potential difference between a half-reaction’s
thermodynamically determined reduction potential and the potential at which the
redox event is experimentally observed. The term is directly related to a cell’s voltage
efficiency. In an electrolytic cell, the overpotential requires more energy than
thermodynamically expected to drive a reaction. In a galvanic cell, overpotential
means that less energy is recovered than the thermodynamics predicts. Overpotential
is specific to each cell design and varies across cells and operational conditions. It is
used more practically to define the current density at which the overpotential is
measured.
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•

Charging

Charging is the operation in which energy is put into a secondary cell or rechargeable
battery by forcing an electric current. The battery is restored to its original charged
condition through charging.

•

Discharging

The conversion of the chemical energy stored within a cell to electrical energy, and the
subsequent withdrawal of this electrical energy into a load.

•

Specific energy and Energy density

Energy density and specific energy are the amount of energy stored in a cell per unit
volume or per unit mass, respectively, which are used to compare the energy content
of a cell. Specific energy, is expressed in watt-hours per kilogram (Wh kg-1), and
energy density, is expressed in watt-hours per litre (Wh L-1). They can be expressed as:
Energy density =

𝐸 × 𝑄 ×𝑚

(2.12)

𝑉

Specific energy = 𝐸 × 𝑄

(2.13)

Here, m (kg) and V (litre) are the mass and volume of the cell, respectively.

•

Energy efficiency

Energy efficiency (η) is the ratio between the discharge specific energy of the cell and
the charge specific energy, in energy terms. Energy efficiency is determined by the
properties of the electrocatalysts in the cells.
Energy efficiency =

𝑄𝑑
�𝑄 ×100 %
𝑐

(2.14)
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2.5 Opportunities and challenges

Despite having been in the making for the past 40 years and with a steep acceleration
in R&D effort in the last decade, Li-O2 batteries have to be considered as still in their
infancy. Several optimistic claims have already been downsized, while the technology
roadmap has been extended to a 20 year window because of some as yet unresolved
challenges. One aspect not to be overlooked is rate capability. Up to now, only limited
current densities have been demonstrated, generally one or two orders of magnitude
lower than those exhibited in commercial Li-ion batteries. If higher current densities
cannot be achieved, alternative solutions must be found to meet the high flow of O2
needed for transport applications.
Moreover, it has be stated that the term “Li-O2 batteries” is often optimistically
adopted to describe devices that are in fact Li-O2 cells, since oxygen is supplied from
the air and the constituents of ambient air are N2 (78 %) and O2 (21 %) with other
gases making up the rest. CO2 and moisture in the ambient air can significantly
influence the electrochemical performance of a Li-O2 cell with a negative impact on
cyclability, even in small amounts (39, 40). For instance, lithium metal can react with
H2O traces in the air and generate LiOH and H2. Aurbach and co-workers (39, 40)
reported that CO2 also reacts with the Li ions forming Li2CO3 on the electrode surface,
while Takechi et al. (41) demonstrated that Li2CO3 can form from the reaction
between CO2 and Li2O2. The higher energy density that can be achieved, if oxygen is
to be harvested from air at a low energy cost, provides a significant incentive to
develop ways to filter out unwanted components, which is why O2-selective
membranes are currently under intense development.
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Among the various issues affecting Li-O2 battery performance generally, the low level
of performance of the air cathode has been identified as the dominant factor. The
cathode ORR in a Li-O2 battery is much slower than that of the anode Li oxidation
reaction, thus dominating the overall rate of charge/discharge of the battery (42, 43).
As a result, the cathode in Li-O2 batteries has captured much more attention than the
anode, resulting in numerous worldwide research and development projects. Great
progress has been made in recent years even though no significant breakthroughs have
yet been achieved (44). It is important to note that electrocatalysts can improve
cathode electrode performance, especially for lowering the charge overpotential, with
MnO2 being investigated the most (19). The mechanism of such improvement due to
catalytic activity is not yet clear, however, which could be the key factor in
developing a practical Li-O2 battery. To facilitate the continuing effort on this
important subject, this thesis will identify and discuss:
(a) Working principles of the cathode in a non-aqueous Li-O2 battery including
the cathode reaction mechanism.
(b) Nature and morphology of the cathode reaction products and their effects on
battery performance.
(c) Approaches to the design and fabrication of a high-performing cathode using
advanced materials.
On the other hand, the lack of a stable electrolyte for non-aqueous Li-O2 batteries is
among the biggest challenges to be overcome. A large variety of electrolytes has been
studied, including propylene carbonate (PC) (45), dimethoxyethane (DME) (46),
tetraethylene glycol dimethyl ether (TEGDME) (47), dimethylformamide (DMF) (48),
dimethylsulfoxide (DMSO), tetramethylenenfone (49), etc. Most of the studied
electrolytes, however, are often unstable against several active discharge species (such
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as O2-, O22-(Li2O2), LiO2, and LiO2-) (50). Selection of the electrolyte is the key
component to improve the electrochemical performance of the non-aqueous Li-O2
system. Carbonate-based electrolytes have been proved to be unstable in the nonaqueous Li-O2 batteries, while ether-based electrolyte showed some promise. The
electrolyte stability at the lithium electrode under the oxygen crossover condition is
also a big issue, necessitating the development of new electrolytes and a redesigned
solid-electrolyte interphase (SEI) on the lithium electrode. In this doctoral thesis, we
also share our research work on the novel hybrid gel-solid-state polymer electrolyte in
the Li-O2 system to address the aforementioned issues.

2.6 Cathode materials

A high performing rechargeable non-aqueous Li-O2 battery needs to possess at least
four characteristics, as shown in Fig. 2.4: (1) high specific capacity; (2) high roundtrip efficiency; (3) good rate capability; and (4) excellent cycling performance (51).
As discussed above, these characteristics originate from the electrocatalysts on the
cathode electrode of the battery. Thus, the crucial approaches for creating an ideal
electrocatalyst to achieve the high level of desired performance in non-aqueous Li-O2
are currently a pressing issue. As is generally known, the discharge product of Li2O2
does not dissolve in the organic electrolyte of the non-aqueous Li-O2 battery, but
accumulates in the pores of the cathode during the discharge process. It has been
observed the discharge process can be suddenly terminated by the blockage of the
pores in the cathode, preventing further oxygen diffusion to the reaction sites (52, 53).
Normally, using highly-active catalysts and optimum catalyst loadings, in
combination with achieving a uniform distribution of the electrode materials, will
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improve the structure of the cathode. This in turn will enhance the utilization of the
pore structure in the air electrode, thereby improving the specific capacity of the
battery (54, 55). In addition, the growth of Li2O2 is also found to have great effect
towards increasing overpotential, owing to Li2O2’s insulating property. Therefore, the
round-trip efficiency of Li-O2 batteries can also be enhanced by modifying the
nucleation and growth of Li2O2, as well as optimizing its morphology, particle size
and distribution in the cathode (56). At the same time, quick diffusion of oxygen and
high transfer rates of both electrons and ions inside the air cathode, as well as fast
ORR and OER reaction rates on the electrocatalysts are also of great importance for
enhancing the rate capability and cycling performance of Li-O2 batteries.(57)

Figure 2.4 Approaches to fabricating an ideal cathode for the non-aqueous Li-O2
battery (32).

19

Overall, the cathode materials used in non-aqueous Li-O2 batteries should have a
durable porous structure in order to store discharge products and provide channels for
oxygen diffusion. They should also possess high electrolyte wettability to satisfy the
requirement of ionic transfer during the charge-discharge process. More importantly,
the cathode materials including the catalyst should have the ability to accelerate the
kinetics of both ORR and OER. The ideal cathode material with optimum
structure/morphology/crystal forms can not only provide more space for the storage of
discharge products but also to facilitate both the diffusion of oxygen and the electrode
wettability (58), while also enhancing its catalytic performance towards both the ORR
and the OER due to the introduction of defects and vacancies (59, 60). At the current
state of technology, a huge number of cathode materials, including some successfully
used in fuel cells, Li-ion batteries and metal-O2 batteries, have been explored for
incorporation into non-aqueous Li-O2 batteries. In this section, these materials are
summarized as four main groups: carbon materials; transition metal oxides; metals;
and others.

2.6.1 Carbon materials

Carbon materials have been widely used as catalyst support, conductive agents and
electrode material in fuel cells, lithium-ion batteries and electrochemical
supercapacitors due to their excellent electrical conductivity and large surface areas
(61, 62). In recent years, the applications of carbon materials have been extended to
cathode materials in Li-O2 batteries, with growing interest worldwide because of their
favourable properties. In non-aqueous Li-O2 batteries, carbon materials generally act
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as electrode materials facilitating a porous cathode, and they can also work as
catalysts towards the ORR as well as the OER (63).
In this thesis, carbon materials that have been explored for non-aqueous Li-O2
batteries are classified into three groups: (1) porous carbon; (2) carbon nanotubes; (3)
graphene, all of which will be given a detailed discussion in the following subsections.

2.6.1.1 Porous carbon

Porous carbon has been chosen as the air electrode material for almost all the Li-O2
batteries investigated so far, mainly because it can provide sufficient charge transfer
for the electrochemical reactions and space for housing the discharge products. Due to
the low mass of the carbon-based air electrode, it is expected to achieve the highest
specific capacity in Li-O2 cells using a metallic lithium electrode. Moreover, porous
carbon often shows a certain catalytic activity toward the ORR because of the
existence of defect sites on the carbon surface. Almost all commercially available
carbon materials, such as Super P (64, 65), Ketjen black (KB) (66), activated carbon
(67), Vulcan XC-72 (VC) (68), Black Perals (BP2000) (69), have been explored as
cathode materials for non-aqueous Li-O2 batteries. The reported discharge capacity of
various commercial carbon materials are summarized in Table 2.1. As can be seen,
the discharge capacities of the same types of carbon materials differ greatly from each
other in different reports even at the same discharge current density.
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Table 2.1 Reported capacities of commercial carbon materials in non-aqueous Li-O2
batteries (1).
Carbon materials

Capacity (mA h g-1)

Current density (mA cm-2)

Super P

2120

0.05

1800

0.1

~ 1000

0.2

3400

70 mA g-1

2700

0.025

850

0.05

3374.4

0.1

3000

0.2

1200

0.04

762

0.1

1053

75 mA g-1

1000

50

850

70

50

0.05

1909.1

75 mAg-1

KB EC300JD

2200

0.1

Graphite

560

0.1

Darco G-60

250

0.1

Norit carbon black

4400

70 mA g-1

Calgon activated black

80

0.05

Ensaco 250G

550

0.1

Chevron activated black

1410

0.1

Activated carbon SY TC-03

2310.9

0.1

Activated carbon M-30

2120

0.05

Denka

750

0.1

25

0.05

KB EC600JD

Vulcan XC-72

Super S

Black Pearls 2000
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Apart from the commercially available carbon black, recent studies have shown that
the performance of the new carbon-based materials, such as mesoporous carbon(70),
carbon nanofibers (71, 72) and carbon microfibers (73) could also be very successful
when used with a stable electrolyte. These kinds of materials have some unique
functions in battery cathode reactions in non-aqueous Li-O2 batteries, due to their
unique structures and greater number of defects/vacancies. For instance, Mitchell et al.
(71) reported a Li-O2 cell using hollow carbon fibres as the air electrode material,
which are directly grown on a ceramic porous substrate, eliminating the need for a
binder. These all-carbon-fibre electrodes demonstrated exceptionally a high discharge
capacity of 7200 mAh g-1 translating to a gravimetric energy of 2500 Wh kg-1, which
is 4 times higher than that of the state-of-the-art lithium intercalation compounds such
as LiCoO2 (600 W h kg-1). The authors attributed such high capacity of the cell to the
low carbon packing and highly efficient utilization of the available carbon mass and
void volume for Li2O2 formation. Due to the unique structure of the carbon fibre, they
were also able to monitor the Li2O2 formation and morphological evolution during
discharge. As mentioned above, the visualization of Li2O2 morphologies that appear
during discharge and disappear during charge represents a critical step toward
understanding key processes that limit the rate capability and low round-trip
efficiencies of Li-O2.

2.6.1.2 Carbon nanotubes (CNTs)

Carbon nanotubes (CNTs), including single wall carbon nanotubes (SWCNTs) (74)
and multiwall carbon nanotubes (MWCNTs) (75), have recently been investigated as
cathode materials for non-aqueous Li-O2 batteries because of their high chemical and
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thermal stability, high elasticity, high tensile strength and high conductivity resulting
from their unique structures. For example, Yoon et al. (75) reported that their pure
CNT electrode could exhibit a discharge capacity of about 800 mA h g-1 at a current
density of 0.4 mA cm-2. Shen et al. (76) reported that the specific capacity and
discharge voltage of their pure CNTs sponge was 6424 mA h g-1 and 2.45 V,
respectively, at a current density of 0.05 mA cm-2. Treated CNTs showed even better
results; for instance, Li et al. (77) applied partially cracked CNTs to the substrate and
found the capacity to be almost twice as large as that of non-cracked CNTs (1513 mA
h g-1 vs. 800 mA h g-1). Mi et al. (78) found that the application of nitrogen-doped
CNTs to the substrate increased the capacity in both carbonate-based and ether-based
electrolytes beyond that of untreated CNTs. Recently, a hierarchical-fibril carbon
electrode was developed by orthogonally organizing individual sheets of aligned
CNTs (79). By promoting efficient mass transport in the framework, this electrode
could deliver a high capacity of 1000 mA h g-1 with good performance up to 70-80
cycles. Liu et al. (80) manufactured a free-standing electrode by applying a
hierarchically porous CNT film fabricated via colloidal template-assisted vacuum
filtration and post annealing. Although the loading amount of carbon was 7-50 times
higher than that reported previously for other free-standing carbon electrodes (79),
this electrode still exhibited a high capacity of 4683 mA h g-1 and a gravimetric
energy density of 12830 W h kg-1. On another note, CNTs have been particularly
useful in visually analysing the Li2O2 morphology in a clear and distinguishable way.
In 2013, Shao-Horn and co-workers (81) investigated the formation and
morphological evolution of Li2O2 during discharge, confirming the relationship
between the Li2O2 morphology and the electrochemical performance of Li-O2
batteries.
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2.6.1.3 Graphene

Graphene is a monolayer of carbon atoms packed into a dense honeycomb crystal
structure. It has attracted great attention as a carbon candidate since its discovery by
Novoselow et al. (82) in 2004. Graphene consists of a single layer of graphite (Fig.
2.5). With the merits of a high electron transfer rate, large surface area (theoretical
value 2630 m2 g-1), and high electronic conductivity (103 to 104 S m-1), graphene has
been widely used as the catalyst support or metal-free catalyst in fuel cells (83, 84)
and as anode material in Li-ion batteries (85). Recently, graphene has been tested as a
promising cathode material for Li-O2 batteries, because both sides of graphene
nanosheets (GNSs) can be accessed by oxygen. GNSs, exfoliated from graphite on a
large scale, have many edge sites and defect sites on the surface. Such edge and defect
sites serve as active sites for chemical and electrochemical reactions, such as the ORR
and OER (86).

Figure 2.5 Model of graphene exfoliated from graphite (87).
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At an early stage, Zhou and Yoo (88) utilized metal-free graphene nanosheets (GNS)
as air electrodes in a Li-O2 battery with a hybrid electrolyte. The GNSs showed a high
discharge voltage close to that of 20 wt% Pt/carbon black. They also explored a
readily pencil-traced air electrode, which contained multilayered graphene nanosheets.
It could be discharged and recharged for tens of cycles. The GNS based electrode was
also employed by Li et al. (89) in non-aqueous Li-O2 batteries, where it showed a
discharge capacity of 8705.9 mA h g-1 at a current density of 75 mA g-1, which was
much higher than that of the reference electrode made from commercial carbon
material. They claimed that the active sites at the edges of graphene could
significantly contribute to the superior electrocatalytic activity towards the ORR.
Later on, Liu et al. (90) synthesized graphene directly on the skeleton of porous nickel
foam (3D-G electrode) by the chemical vapor deposition (CVD) method, and
achieved a discharge capacity of 970 mA h g-1 at a current density of 0.083 mA cm-2.
The highest discharge capacity to date (15, 000 mA h g-1 at a current density of 0.1
mA cm-2) of a graphene-based cathode was reported by Xiao et al. (91), who used a
novel hierarchical arrangement of structural and functionalized graphene sheets. The
authors reported that oxygen can spread rapidly in the microporous channels of the
hierarchically porous graphene due to the unique bimodal porous structure.
Meanwhile, the highly connected nanoscale properties could offer a high density of
reactive sites for Li/O2 reactions, and the defects and functional groups on graphene
could promote the formation of isolated nanosized Li2O2 particles to prevent air
blocking in the cathode.

2.6.2 Metals
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Precious metals and nonprecious metal are generally considered to be the best
catalysts for chemical reactions, no matter whether they are used in industrial
catalysis or electroatalysis processes. In the early stages, studies on metals used in LiO2 batteries were rarely reported, however, probably because of their expensive price
and scarce reserves. In 2010, Lu et al. (23) systematically investigated the role of Pt
and Au with respect to the ORR as well as the OER in Li-O2 batteries. They found Pt
nanoparticles were catalytically effective towards OER while Au nanoparticles were
catalytically effective towards the ORR. The electrode overpotentials of a Pt-Au
nanoparticles hybrid catalyst supported on Vulcan XC-72 could be reduced by about
150-360 mV (discharge) and 900 mV (charge) when compared to those of a pure
carbon electrode during the charge-discharge process, respectively. The same group
also screened the ORR activity of palladium, platinum, ruthenium, and gold and
compared the results with those obtained with glassy carbon. The ORR activity was
found to decrease in the order: Pd > Pt > Ru = Au > glassy carbon (92), as shown in
Fig. 2.6. The observed trend was consistent with the ORR polarization curves
obtained with a rotating disc electrode and with the discharge overpotential observed
in Li-O2 cells. Due to their excellent ORR catalytic effects, palladium (Pd) and
platinum (Pt) have been the preferred choice for catalysts (93), either in pure form or
combined with other catalyst (metals (94) or metal oxides (95)).
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Figure 2.6 Non-aqueous Li-ORR potential at 2 μA cm-2 as a function of calculated
oxygen adsorption energy, ΔE0 (per oxygen atom relative to an atom in the gas phase),
relative to that of Pt (92).

Since then, the use of noble metal catalysts in Li-O2 batteries has increased
considerably. Recently, it was interesting to find that the metal alloy may show even
better electrocatalyst performance than the single metal in Li-O2 cells. Yin et al. (96)
prepared PtAu/C catalysts with various compositions, degrees of alloying and phase
segregation by thermal treatment under controlled conditions. They compared their
catalytic performance to those of Au/C and Pt/C catalysts in the cathodes of nonaqueous Li-O2 batteries. The fully and partially alloyed PtAu/C catalysts exhibited
increased discharge voltage and decreased charge voltage, leading to improved roundtrip efficiency. In addition, fully and partially alloyed PtAu/C catalysts could display
higher discharge capacities than that of the catalyst with phase segregations. Kim et al.
(97) prepared carbon-supported Pt3Co alloy nanoparticles with a diameter of 3 nm,
and outstanding activity towards the OER was observed. At a current density of 100
mA g-1, the Pt3Co/KB based electrode showed only 135 mV of overpotential while the
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Pt/KB, MnO2/KB, and KB based electrodes showed overpotentials of 635, 1150, and
1085 mV, respectively. The authors believed that the enhanced performance should
be associated with the reduced adsorption strength of LiO2 on the outermost catalytic
sites. Meanwhile, the alloy catalyst could also impel the generation of amorphous
Li2O2 around the catalyst, leading to easier decomposition during the recharge process.
Similarly, a series of carbon-supported metal and metal-alloy (Pt, Pd, Ir, Ru, Pt-Pd,
Pd-Ir and Pt-Ru) were prepared by Ko et al. (98) with an impregnation-reduction
method, and used them as the cathode catalysts for Li-O2 batteries. They found that
the Ru catalyst showed the highest capacity and lowest charge-discharge overpotential
among the studied metal catalysts. The initial discharge capacities of Pt-Ru, Pt-Pd and
Pd-Ir were observed to be 346, 153 and 135 mA h g-1, respectively, at 0.2 mA cm-2.
Therefore, they reported different metal alloy catalysts could generate different
characteristic behaviors from those of the pure metal catalysts.
Nonprecious metal catalysts have been studied too. Ren et al.(26) tested Cu-Fe metal
catalysts supported on KB carbon, noting that these catalysts exhibited an ORR
catalytic effect with a significant increase in the discharge voltage and an improved
rate capability. Only the ORR catalytic effect was analyzed, however, without the
performance during charge being determined. In addition to these examples, there
have been many other studies involving the use of metal catalysts in Li-O2 batteries
(99, 100). Further studies are still needed to find suitable ways to develop stable and
selective catalysts for the desired reactions.

2.6.3 Metal oxides

2.6.3.1 Transition metal oxides (TMO)
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To date, metal oxides have been the preferred catalysts for both the ORR and the OER.
Many reports have discussed the use of the transition metal oxides (TMOs) as
catalysts in Li-O2 batteries (e.g., cobalt oxide (22), manganese oxide (14), copper
oxide (21), iron oxide (101, 102), palladium oxide (24) and others (21)). More
recently, ruthenium oxide (86) and iridium oxide (103) have received attention due to
their excellent ability to catalyze the OER when used in combination with carbon or
other substrate materials. It is an interesting point that most of the metal oxides
basically displayed improved discharge capacity after five cycles, as listed in Table
2.2.
Table 2.2 Discharge capacity at the 1st and 5th cycles based on various TMOs (2).
Capacity (mA h g-1)
Catalyst

1 st cycle

5 th cycle

MnO2

262

653

Capacity retention
per cycle (%)
248

Co3O4

199

304

152

NiO

298

362

121

Fe2O3

264

285

108

CuO

292

658

225

V2O3

216

829

383

MoO3

152

152

100

Y2O3

238

213

89

Among various the TMOs, manganese oxide, in particular, has attracted great interest
because of its good ORR activity based on its high specific capacity and low cost (104,
105). Ogasawara et al. (14) introduced electrolytic manganese dioxide (MnO2) into
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the cathode of Li-O2 batteries, and then the same group comparatively investigated
the performance of several manganese oxides as cathode catalysts, such as
commercial MnO2, α-MnO2, γ- MnO2, λ- MnO2, Mn2O3 and Mn3O4. Later on, Bruce
and co-workers (19) compared the effectiveness of various crystal structures of
manganese oxide and reported α-MnO2 to have the best catalytic effects towards
oxygen decomposition and lithium ion coordination. Moreover, they found the
catalytic properties of α-MnO2 nanowires to be superior to those of spherical MnO2,
with those of the latter being comparable to that of the porous carbon substrate. αMnO2 nanowires could deliver the highest discharge capacity of 3000 mA h g-1 at a
current density of 70 mA g-1 with a discharge voltage at around 2.6 V and a charge
voltage at about 4.0 V vs. Li/Li+. One has to be very careful regarding the catalytic
behavior of different MnO2 structures, however, as most studies have been made in
the presence of PC-based electrolytes, which are now known to decompose.
Several other forms of manganese oxides other than MnO2 have also been employed
and studied as cathode catalysts for non-aqueous Li-O2 batteries. For example,
Kavakli et al. (106) showed that nanosized Mn3O4 could give a higher discharge
capacity than all the MnO2 in α-, β- and δ- phases. Minowa et al.’s (107) comparative
evaluation found that Mn2O3 could exhibit a larger discharge capacity, a smaller
charge-discharge potential difference and better cyclability than either MnO or MnO2.
In order to further improve the performance of Li-O2 batteries employing Mn2O3 as
the cathode catalyst, the authors substituted several other transition metals on the Mn
sites to form doped catalysts of Mn1.8M0.2O3 (M = Fe, Ni, and Co) by an amorphous
malate precursor method. The results showed a 20 % substitution of Fe for Mn could
apparently improve the catalytic performance by increasing the discharge capacity
and decreasing the charge-discharge overpotentials, while those doped with Ni and Co
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showed degraded the activity. The authors attributed the decreased performance of
Mn1.8Co0.2O3 and Mn1.8Ni0.2O3 to the impurities while a pure Mn1.8Co0.2O3 phase was
responsible for the enhanced activity. Furthermore, the authors optimized the Fe
substitution content (x = 0, 0.2 and 0.4, respectively) and the calcinations temperature
(500 - 950 ºC) of the Mn2-xFexO3 catalyst, and found that the Mn1.8Fe0.2O3 heattreated at 500ºC had the best performance and comparatively the most stable cycling
characteristics with a capacity loss of 25 % after 10 cycles.
Although metal oxides have several advantages such as low cost, controllable
synthesis, tunable nanostructure, and high ORR/OER activity, most importantly,
unlike carbon-based catalysts prone to corrosion in non-aqueous Li-O2 batteries (48,
108), metal oxides are stable over the operating voltage window of the cathode
(typically 2- 4 V vs. Li/Li+) and are able to tolerate the nucleophilic attack by O2- and
O22-. One of the major drawbacks of metal oxides stems from their heavy molecular
weight and low electrical conductivity, however, which are likely to lead to low
energy density and power density of batteries. To address the problems caused by
these unfavorable properties, conductive substrates are usually incorporated into the
composites of metal oxides to improve the conductivity and utilize their catalytic
activity to the greatest extent possible (109). For example, a variety of carbon
supports, such as porous carbon, carbon nanotubes, and graphene, have been used to
improve the electrical conductivity of metal oxides and consequently enhance the
capacity and cycling stability of Li-O2 batteries (72, 106). In Chapter 5, we
investigated stable manganese monoxide (MnO) decorated on carbon nanotube
catalyst support as an oxygen electrocatalyst in Li-O2 batteries, and conducted further
research on the deposition of reaction products and the decomposition mechanism in
the electrocatalysis process.
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2.6.3.2 Perovskite related oxides

The representative crystal structure of perovskite oxide with the archetypal formula of
ABO3 is shown in Fig. 2.7a as cubic (110). The larger A cations and oxygen form a
face-centered cubic (fcc) lattice while the B cations occupy octahedral sites in this fcc
lattice and are surrounded only by oxygen as nearest neighbors. These B cations
shares corners with each other, facing the dodecahedra surrounding the A cations. The
A and B atoms are perovskite-related oxides and have been widely used in solid-oxide
fuel cells (111), superconductors (112) and semiconductor based gas sensors (113).
These oxides generally have good catalytic activity towards both the ORR and the
OER at high temperature or in aqueous systems, especially under alkaline conditions
for low temperature metal-air batteries. In recent years, perovakite oxides have also
attracted much attention in non-aqueous Li-air batteries because they can facilitate the
kinetics of the ORR as well as the OER.
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Figure 2.7 Cubic perovskite structure (a), double perovskite structure (b), and layered
perovskite structure (c) (110).

Fu et al. (114) prepared nano-sized perovskite oxides of g-La0.8Sr0.2MnO3 and sLa0.8Sr0.2MnO3 with high purity by the sol-gel and solid-state reaction methods,
respectively, and investigated them in Li-O2 batteries as cathode catalysts. The battery
with g-La0.8Sr0.2MnO3 demonstrated a discharge capacity of 1900 mA h g-1 at current
density of 0.1 mA cm-2, compared to 1200 mA h g-1 for the battery with sLa0.8Sr0.2MnO3 at a potential 0.2 V higher than that of s-La0.8Sr0.2MnO3. The authors
assumed that the surface morphology of the nanostructures might be the major factor
enhancing the electrochemical properties of the cathodes. After that, Xu et al. (115)
prepared perovskite-based porous La0.75Sr0.25MnO3 nanotubes by the electrospinning
technique followed by heat treatment at high temperature, and studied their
performance as a cathode catalyst in non-aqueous Li-O2 batteries. Compared to the
pure carbon cathode, the as-prepared La0.75Sr0.25MnO3 nanotubes could significantly
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suppress the ORR and especially OER overpotentials and thus improved the roundtrip efficiency. Furthermore, there were synergistic effect between the high catalytic
activity and the unique hollow battery with high specific capacity, superior rate
capability and good cycling stability.
Although perovskite oxides have attracted a certain amount of attention for
incorporation into Li-O2 batteries, the effects of partial substitution in both cation
sublattices have been comparatively little studied and the mechanisms are still unclear.
Furthermore, the perovskite-relatived oxides other than ABO3, such as double
perovskite-related oxides (A2B2O6, as seen in Fig. 2.7 b) (116) and layered perovskite
oxides (Fig. 2.7 c) (117) have rarely been investigated as cathode catalysts in Li-O2
batteries. Therefore, much more systematic research on perovskite-type catalysts
should be conducted in detail in the future to improve the catalytic performance
towards the ORR as well as the OER and to promote the development of Li-O2
batteries (118).

2.6.4 Others

Apart from the carbon materials, metals and metal oxides discussed above, some other
materials have also been used as cathode materials for non-aqueous Li-O2 batteries.
For example, some nitrides have attracted considerable interest for in the development
of ORR/OER catalysts and have been shown to possess very good catalytic capability
in both aqueous and non-aqueous electrolytes, owing to their higher electronic
conductivity than that of oxides (119, 120). To further improve their activity, nitrides
also need to be incorporated with conductive carbon substrates, such as activated
carbon, CNTs or graphene. Zhang et al. (119) synthesized a hybrid material of
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molybdenum nitride and N-doped carbon nanospheres (MoN/N-C) by a hydrothermal
method followed by ammonia annealing, and MoN/N-C exhibited higher ORR
activity in a non-aqueous electrolyte than that of molybdenum nitride itself and the
physical mixture of molybdenum nitride and N-doped carbon nanospheres. Another
example is that a Li-O2 battery with TiN nanoparticles supported on Vulcan XC-72
(121), as the cathode catalyst presented an onset potential for the OER at 2.9 V vs.
Li+/Li, which is lower than that with a mixture of micro-sized TiN and Vulcan XC-72,
and with Vulcan XC-72 by itself, both at 3.1 V vs. Li+/Li. A small discharge-charge
voltage gap of 1.05 V can also be observed in Fig. 2.8. The enhanced performance
can be ascribed to the high catalytic activity of TiN nanoparticles and the promotion
of electronic conductivity by the combination with carbon. A similar composite of
mesoporous TiN and carbon has been reported to show stable capability in catalyzing
the ORR/OER in Li-O2 batteries (122). It was found that the architectures of the
bimodal porous composite were appropriate for the accommodation of a large amount
of Li2O2 and for the efficient mass transfer of the electrolyte. Additionally, it was
demonstrated that the catalyst was stable against O2- and Li2O2 and efficient for the
ORR/OER, with a performance comparable to that of Pt/C. We report for the first
time a free-standing, binder-free air electrode using graphitic carbon nitride (g-C3N4)
nanosheets decorated on a graphene macroporous structure to promote the electron
transfer capability in Chapter 7.
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Figure 2.8 (a) Discharge-charge curves of Vulcan XC-72 (VC), TiN nanoparticles
supported on Vulcan XC-72 (n-TiN/VC) and microsized TiN supported on Vulcan
XC72 (m-TiN/VC), with an enlarged section (inset) at ~ 50 mA g-1, and (b) their
discharge curves at 500 mA g-1 (121).

The compounds with nonmetal element coordinated to carbon (such as CFx) are
another group of composite materials which can exhibit good catalytic activity
towards both the ORR and the OER. Tian et al. (123) reported that fluorinated carbon
nanotubes (CFx) showed capacities of 1007 and 676 mA hg-1 at the current densities
of 30 and 100 mA g-1, respectively, which were higher than 682 and 188 mA h g-1 for
the pristine CNTs. The CFx as cathode was also investigated by Xiao et al. (124) and
the attained capacities were approximately 950 and 521 mA h g-1 at the current
densities of 0.1 and 0.2 mA cm-2, respectively, which were about twice higher than
those of the pure carbon black electrode. In Chapter 6, novel B4C nanowires and
carbon nanotubes composite were synthesized using excess carbon nanotubes as the
template and the carbon source to react with boron powder and this advanced material
exhibits great catalytic activity as an efficient bifunctional catalyst for the ORR and
OER in Li-O2 batteries.
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2.7 Anode materials

Due to its high electrochemical values, i.e., plating voltage of -3.05 V vs. standard
hydrogen electrode (SHE), and capacity of 3.86 A h g-1 (2.06 A h cm-2), lithium metal
is, in theory, an ideal electrode material. Its practical use is barred, however, by its
tendency to deposit irregularly, resulting in the formation of dendrites that may grow
across the cell, ultimately posing a serious safety hazard. It has been shown that both
the separation of surface lithium flakes and the continuous growth of an unstable solid
electrolyte interphase layer (SEI) lead to reduction in capacity during cycling (125,
126). Therefore, unless properly protected and combined with a suitable electrolyte,
lithium metal cannot be proposed as an electrode for battery manufacture (40).
Furthermore, a gradual degradation of the surface of Li metal can also take place due
to O2 crossover, a phenomenon that promotes electrolyte decomposition during
charge at the anode, and results in the formation of LiOH and Li2CO3 (127). Quite
surprisingly, this matter is generally ignored since most of the work in this field is still
based on systems using lithium as the anode. While there are many papers addressing
the challenges related to electrolytes and cathode supports, relatively few studies have
been conducted on the anode. An attempt to solve this issue has been recently
reported by Hassoun et al. (128), who proposed the replacement of lithium metal with
a lithiated silicon-carbon composite, LixSi-C, demonstrating one of the rare cases of a
“Li-O2 battery” configuration. The battery operates reversible at a capacity of 1000
mA h g-1 for about 15 cycles, which then decays (as shown in Fig. 2.9), likely because
O2 crossover is a serious drawback on the anode side that has so far been
underestimated. An obvious solution would be protecting the anode with a membrane
that is not permeable to oxygen (127). This approach may lead to unwanted additional
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problems, however, such as an increase in the overall cell resistance and the
associated power losses. As an alternate approach, gel-polymer electrolytes have been
applied to suppress the formation of Li dendrites (129, 130), which, however, can still
occur and lead to penetration of the polymer film, to poor cycling behavior, and
ultimately to cell failure. Aleshin et al. (131) tried to solve this problem by coating the
lithium metal anode with a protective ceramic layer composed of lithium-aluminumgermanium-phosphorus glass-ceramics. This layer was considered to stabilize the
lithium/air performance by preventing anode and electrolyte degradation, but the cell
performance was only tested for ten cycles, making it hard to verify the long-term
impact of a ceramic protective layer. Several other groups have developed new
avenues for preparing lithium-aluminum-germanium-phosphorus sheets, including
sol-gel synthesis (132) and tape-casting (133).

Figure 2.9 Voltage profiles for selected cycles of a lithiated-silicon/carbon-oxygen
battery at room temperature; cycling rate: 200 mA g-1 (128).
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2.8 Non-aqueous Electrolyte

Non-aqueous electrolytes have been studied and developed for decades, and
successfully employed in the present commercialized Li-ion batteries. Nevertheless,
they cannot be directly applied in Li-O2 batteries. This makes Li-O2 batteries more
challenging and generates the brand new subject of non-aqueous electrolytes for LiO2 batteries. Although there are many publications regarding Li-O2 batteries and
much progress is achieved every year, the ultimate non-aqueous electrolytes have not
yet been found. Based on these reports, an ideal non-aqueous electrolyte for Li-O2
batteries should meet the following criteria: (i) high chemical electrochemical stability,
especially in the presence of oxygen radicals and Li2O2; (ii) low vapor pressure or no
volatility to guarantee long-term operation; (iii) high oxygen solubility and diffusivity;
and (iv) possible solubility of Li2O2. The first two requirements are the prerequisites
for non-aqueous electrolytes for use in Li-O2 batteries, and the remaining two are not
absolutely necessary, but can help to improve their performance.

2.8.1 Carbonate-based Electrolytes

Organic carbonates, such as ethylene carbonate (EC) and propylene carbonate (PC),
possess wide electrochemical stability windows and have been extensively applied in
Li-O2 batteries. Inspired by this success, they were the first compounds applied as
non-aqueous electrolyte solvents in Li-O2 batteries in 2006 (14) and replaced the
polymer electrolyte which was used in the prototype Li-O2 batteries built in 1996
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(134). This development triggered the pursuit of extremely high energy density in LiO2 batteries. Research on Li-O2 batteries quickly became a hot topic.
In the following few years, organic carbonates were almost the benchmark electrolyte
solvents in Li-O2 batteries and subsequently, different research areas involving Li-O2
batteries were developed. Mizuno et al. (135) reported that the discharge product of
Li-O2 using organic electrolytes was mainly Li2CO3 and lithium alkylcarbonates (RO(C=O)-OLi) rather than Li2O2, blaming the decomposition of the propylene carbonate
(PC)-based electrolyte for the formations of these products. Following this study,
several researchers were able to determine the mechanism by which carbonate-based
electrolyte decomposition occurs (15, 136). For example, Zhang et al. (50) carried out
density functional calculations and determined that the ring opening of PC in the
presence of solvated species such as O2-, LiO2, LiO2-, and Li2O2 has no energy
barriers (Fig. 2.10), facilitating the formation of Li2CO3 and lithium alkylcarbonate.
The presence of these compounds was confirmed by Fourier transform infrared and
X-ray photoelectron spectroscopy. Together with Li2CO3, C3H6(OCO2Li)2, CH3CO2Li,
and HCO2Li, Bruce and co-workers (136) also identified CO2 and H2O as discharge
products of a PC-based Li-O2 cell by using Fourier transform infrared spectroscopy
and nuclear magnetic resonance (Fig. 2.11). The decomposition of organic carbonates
became more severe when a catalyst was applied, such as MnO2, and Pt or Pd based
alloys.
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Figure 2.10 Calculated decomposition pathway for propylene carbonate molecule by
LiO2- from density functional theory. The first step A→B is barrierless. The enthalpy
of activation is 23.6 kcal mol-1 for C→D but is much below those for the starting
reactants. Note that the addition of Li+ in either position (a) or (b) results in the
formation of structure C (50).
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Figure 2.11 (a) Discharge and charge capacity vs. cycle number for a composite
electrode (Super P/R-MnO2/Kynar) cycled between 2 and 4.2 V in 1 M LiPF6 in PC
under O2. (b) FTIR spectra of composite electrodes. (c) 1H solution NMR spectrum of
a D2O extract from the composite electrode after 30 cycles at the end of charge (137).

Although organic carbonate cannot be applied in Li-O2 batteries, the obtained results
provide a profound understanding of the operation of Li-O2 batteries, and the study
methods involved offer a more reliable process for exploring stable electrolytes for
Li-O2 batteries.

2.8.2 Ether-based Electrolytes
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In the 1980s, ethers were considered to be alternative candidates in the Li batteries in
light of the higher cycling efficiencies of lithium anodes (137, 138), but their lower
stable oxidative potentials compared to those of organic carbonates restricted their
application in later Li-ion batteries (139). Ether-based solvents came into
consideration as electrolyte solvents for Li-O2 batteries again after organic carbonates
were found to suffer from severe decomposition.
In 2006, Read was the first to employ an ether-based electrolyte in a non-aqueous LiO2 battery (28), while Bryantesev et al. (140) used density functional theory to
calculate the stability of a range of organic solvents against attack by the O2- radical,
with the computation showing that ether-based electrolytes are more suitable than
carbonate-based ones. Nevertheless, a number of scientists reported mixed results
with this class of electrolytes, with some showing enhanced electrochemical and
cycling performance (up to 100 cycles) (91, 141) and others reporting decomposition
phenomena (36, 142). For instance, McCloskey et al. (36) observed the
decomposition of dimethoxy ethane (DME) electrolyte in a Li-O2 cell during cycling.
In their study, CO2 gas evolution was detected by differential electrochemical mass
spectrometry above the 4 V region (Fig. 2.12). Freunberger et al. (142) studied the
decomposition of DME during the discharge process using XRD and Fourier
transform infrared (FTIR analysis), and proposed a decomposition mechanism where
a progressive formation of Li2CO3 takes place (Fig. 2.13). Despite the possible
decomposition of ether-based electrolytes, they are, still the most studied for nonaqueous Li-O2 systems (143, 144).
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Figure 2.12 Gas evolution from cells employing DME. (a) Discharge–charge voltage
curves, and corresponding O2 (b) and CO2 (c) evolution during charging of cells using
various cathode catalysts (35).
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Figure 2.13 (a) XRD patterns of the composite cathode (Super P/Kynar) cycled in
1 m LiPF6 in tetraglyme under 1 atm O2 between 2 and 4.6 V versus Li/Li+; (b) FTIR
spectra of the composite cathode (Super P/Kynar) cycled in 1 m LiPF6 in tetraglyme
under 1 atm O2 between 2 and 4.6 V versus Li/Li+; (c) Proposed mechanism for
reactions occurring with ether based electrolytes during Li–air cell discharge (143).
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2.8.3 Other Electrolytes

Several other non-aqueous electrolytes have been reported for Li-O2 batteries, such as
acetonitrile (ACN) (37), dimethylformamide (DMF) (48), tri (ethylene glycol)-substituted
trimethylsilane

(1NM3)

(50),

N-methyl-2-pyrrolidone

(NMP)

(145),

and

dimethylsulfxode (DMSO) (120). The data (146) demonstrate that the cells with even the
least fugitive common organic solvent lose 22 % of their electrolyte in a year. Electrolyte
loss can be compensated by including excess solvent, but the cost in terms of volume and
mass may be too high. Implementation of gel-type electrolytes and ionic liquid-based
electrolytes may be beneficial because Li-O2 cells with these electrolytes would retain the
electrolyte substantially longer than cells with common organic electrolytes. Indeed, the
saturated vapor pressure of ionic liquids such as 1-alkyl-3-methylimidazolium bis
(trifluoromethylsulfonyl) imide ([CnC1im][Ntf2] with n = 2, 3, 4, 5, 6, 7, 8, 10, 12) ranges
from 7.42×10-17 bar to 2.45×10-14 bar vs. 3.48×10-5 bar in the case of butyl diglyme (147).
Accordingly, the evaporation rates of [CnC1im][Ntf2]-based electrolytes are expected to
be several orders of magnitude lower than the evaporation rates of common organic
electrolytes.
Polymer as an ion conductive medium has been studied since the work of P.V Right in
the early 1970s (148) but the technological interest in polymers was aroused after M.
Armand et al. (149) proposed them as a new class of solid electrolytes in rechargeable
solid state batteries. Although numerous polymer systems have been offered for lithium
batteries, solid polymers based on poly(ethytlene) oxide (PEO), hosting a lithium salt, e.g.
lithium trifluormethanesulfonate, LiCF3SO3, is by far the most researched type. While
aprotic solvents suffer from limited electrochemical stability and dendrite growth upon
lithium deposition, polymers are expected to react slowly due to the absence of
convection and diffusion selectivity, thus minimizing the hazard when dealing with the
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energetically attractive metallic lithium (149). The polymer-salt complex allows the use
of lithium metal as lithium striping/plating tests indicated excellent interfacial
compatibility during lithium oxidation and deposition (150). Nevertheless, their high
internal resistance at room temperature still prevents their widespread practical use in LiO2 batteries. On the other hand, gel-polymer electrolytes, which are generally composed
of liquid electrolytes in a polymer matrix, have proved to have excellent ionic
conductivity, high safety, and good mechanical flexibility for Li-ion batteries (151, 152).
Therefore, it would be good to combine both solid electrolytes and gel electrolytes
together to form a hybrid electrolyte to achieve both high ionic conductivity and good
protection for Li to directly come into contact and react with O2. Chapter 8 reports a
special flexible lithium oxygen battery device using a gel-solid-polymer electrolyte,
which can not only avoid electrolyte evaporation, but also protects the lithium metal
anode during reaction. This system exhibits excellent rechargeability performance.
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Chapter 3

Experiment

3.1 List of Materials and Chemicals
The materials and chemical were supplied by several chemical companies. Most of
were from the Sigma-Aldrich Chemical Pty. Limited. The details are presented in
Table 3.1.

Table 3.1 Description of chemicals and materials used in this study

Materials/chemicals

Chemical

Purity (%)

Supplier

99.5

Sigma-Aldrich

97

Sigma-Aldrich

formula
1-methyl-2-pyrrolidinone

C5H9NO

2-hydroxy-2-methyl-1-phenyl1-propanon
Acetone

CH3COCH3

≥99.5

Sigma-Aldrich

Ammonia solution

NH3

28-30

Merck

Argon gas

Ar

99.9

BOC

Aluminium oxide

Al2O3

>98

Sigma-Aldrich

Carbon black

C

Ethanol

C2H5O

Reagent

Q-Store Australia

Ethoxylated

C11H24O7

Mw = 428

Sigma-Aldrich

Ethylene glycol

HOCH2CH2OH

99.8

Sigma-Aldrich

Isopropanol

(CH3)2CHOH

Timcal, Belgium

trimethylolpropane triacrylate
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Sigma-Aldrich

Lithium hexafluorophosphate

LiPF6

99.99

Aldrich

Lithium

LiCF3SO3

99.995

Sigma-Aldrich

Multiwall CNTs

>98

Sigma-Aldrich

Nafion

5% in water

Sigma-Aldrich

trifluoromethanesulfonate

Nitric acid

HNO3

70

Sigma-Aldrich

Nickel (II) nitrate hexhydrate

Ni(NO3)2·6H2O

98.5

Sigma-Aldrich

Potassium permanganate

KMnO4

99

Sigma-Aldrich

Palladium chloride

PdCl2

99

Sigma-Aldrich

Poly(vinylidene fluoride)

(CH2CF2)n

-

Sigma-Aldrich

Polypropylene separator

(C3H6)n

Celgard

Hoechst Celanese

2500

Corporation, USA

(C6H9NO)n

-

Sigma-Aldrich

Ruthenium chloride

RuCl3

99.98

Sigma-Aldrich

Silver nitrate

AgNO3

99.9

Sigma-Aldrich

Tetraethylene glycol dimethyl

CH3O(CH2CH2

>99.0

Sigma-Aldrich

ether

O)4CH3

Urea

NH2CONH2

Polyvinylpyrrolidone
Poly(tetrafluoroethylene)

Sigma-Aldrich

3.2 Experiment procedures
Overall experimental procedures during this PhD research work can be classified into
five major parts: the first is preparation of advanced materials and their physical
characterization using advanced

instrumental analysis techniques, followed by

electrocatalytic characterization and the assembly techniques using CR2032 type coin
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cells with holes in the cathode parts, and the last part is testing the electrochemical
performance involving the application of active nanostructured composite materials as
electrode or electrolyte for use in Li-O2 batteries. All these experimental procedures
for the PhD research work are presented in Fig. 3.1.

Figure 3.1 Outline of procedures and techniques used in this thesis

3.3 Materials preparation

The active nanostructured electrocatalysts and novel polymer electrolytes for long-life
Li-O2 batteries in this thesis were prepared via different methods and techniques. In
this section, the methods and procedures used are discussed in detail.
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3.3.1 Galvanic replacement reaction

Recently, researchers have found that a valuable synthesis method is to use preformed
nanocrystals to serve as a template for the creation of new materials. Adding the right
chemicals causes them to change in the desired ways resulting in nanoparticles with
unique properties. With metal nanocrystals, atomic exchange can be brought about by
taking advantage of the reduced potential differences between a metal in a template
and metal ions in a solution, which is known as galvanic replacement. Fundamentally,
it is a process of atomic diffusion, in which atoms are caused to move away from a
structure, creating vacancies (153).
Up to now, the galvanic replacement reaction is the most versatile method for
preparing hollow metallic nanostructures with controllable pore structures and
compositions. This method has been successfully applied to prepare gold-based
hollow nanostructures with a wide range of different morphologies, including cubic
nanoboxes, cubic nanocages, trigangular nanorings, prism-shaped nanoboxes, singlewalled nanotubes, and multiple-walled nanoshells or nanotubes. In addition to gold,
hollow platinum and palladium nanostructures have also been prepared by using
appropriate salt precursors for the replacement reaction (154). These hollow and
porous metal nanostructures show intriguing optical and mechanical properties, with
their surface plasmon resonance peaks tunable from the visible to the near-infrared
region. In this work, we use the galvanic replacement reaction to synthesize onedimensional AgPd-Pd composite porous nanotubes, which are an efficient
bifunctional catalyst for the ORR and OER in Li-O2 batteries.
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3.3.2 Hydrothermal synthesis

Hydrothermal synthesis includes the various techniques of crystallizing substances
from high-temperature aqueous solutions at high vapour pressures. It can be defined
as a method for producing single crystals that depends on the solubility of minerals in
hot water under high pressure. The advantages of the hydrothermal method over other
types of crystal growth include the ability to create crystalline phases which are not
stable at the melting point. In addition, materials which have a high vapour pressure
near their melting points can also be grown by the hydrothermal method. This method
is also particularly suitable for the growth of large good-quality crystals while
maintaining good control over their composition.
The crystallization vessels used are autoclaves. These are usually thick-walled steel
cylinders with a hermetic seal which must withstand high temperatures and pressures
for prolonged periods of time. Furthermore, the autoclave material must be inert with
respect to the solvent. The closure is the most important element of the autoclave. In
most cases steel-corroding solutions are used in hydrothermal experiments. To
prevent corrosion of the internal cavity of the autoclave, protective inserts are
generally used. These may have the same shape as the autoclave and fit into the
internal cavity (contact-type insert). The hydrothermal autoclaves used in this Ph.D
thesis work are 4748 acid digestion bombs with 125 ml capacity from the Parr
Instrument company, as is shown in Fig. 3.2. The outer parts are made of stainless
steel with six cap screws to seal the polytetrafluoroethylene (PTFE) cup. The
temperature can reach up to 250 ºC and the pressure can reach up to 1900 psi. In
typical experiments, the precursor solution was transferred to the PTFE cup, filling it
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up to 60 % of the whole volume, and the auto clave was then kept in a conventional
oven for the preset time and temperature.

Figure 3.2 Acid digestion bomb 4748 from Parr Instruments (left) with a crosssectional view (right).

3.3.3 Microwave hydrothermal synthesis

Another important synthesis method for nanostructures in this thesis is the use of
microwave heating in place of conventional heating. The fundamental procedures of
the microwave hydrothermal method are similar to those of the conventional
hydrothermal method. Here, the microwave oven used is a MicroSYNTH microwave
system (Milestone) controlled by a Labthermal 800 controller. It has a frequency of
2.45 GHz and the maximum power reaches up to 500 watt, as shown in Fig. 3.3. It has
a 45 mL quartz vessel where reactions take place at temperatures up to 250 ºC and
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pressures up to 40 bar. The vessel is hosted in a safety shield which features a built-in
pressure control through a preloaded spring with a vent-and reseals mechanism. In a
typical procedure, the precursor solution was transferred into the PTFE-lined
digestion vessel and fitted with a pressure and transferred.

Figure 3.3 MicroSYNTH microwave system (Milestone) controlled by a Labterminal
800 Controller.

3.3.4 Polymerization reaction

Polymerization is the process of reacting monomer molecules together in a chemical
reaction to form polymer chains or three-dimensional networks. In chemical
compounds, polymerization occurs via a variety of reaction mechanisms that vary in
complexity due to the functional groups present in reacting compounds and their
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inherent steric effects. In more straightforward polymerization, alkenes, which are
relatively stable due to

bonding between carbon atoms, form polymers through

relatively simple radical reactions; in contrast, more complex reactions such as those
that involve substitution at the carbonyl group require more complex synthesis due to
the way in which reacting molecules polymerize. In general, polymers that consist of
repeated long chains or structures of the same monomer unit are referred to as
“homopolymers” (Eq. 3.1), whereas polymers that consist of more than one molecule
are referred to as “copolymers” (Eq. 3.2).
Homopolymers: A + A + A…→ AAA…

(3.1)

Copolymers: A + B + A…→ ABA

(3.2)

Photoinitiation is one of the most efficient methods for achieving quasi-instantaneous
polymerization, transforming a liquid molecule into a solid polymer material within
less than 1s. It has proved to be well suited to inducing frontal polymerization and
achieving a deep-through cure of thick specimens. Ultraviolet (UV) technology is
capable of causing fast polymerization in solid media, despite severe mobility
restrictions, because of the high initiation rate provided by intense illumination (155).
In Chapter 6, we brushed the cathode catalyst materials on a gel-polymer electrolyte
layer to a thickness of about 1-2 mm, and then exposed it to a UV lamp for different
times to drive the polymerization reaction to form a solid-state layer. This kind of
solid-state layer can avoid electrolyte evaporation and protect the lithium metal anode
from oxidization.

3.4 Structural and physical characterization
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The techniques for characterization of the as-prepared materials will be introduced in
detail in the following sections. The equipment belongs to the Institute for
Superconducting and Electronic Materials (ISEM) and the Intelligent Polymer
Research Institute (IPRI) under the Australian Institute for Innovative Materials
(AIIM).

3.4.1 X-ray diffraction (XRD)

X-ray powder diffraction (XRD) is a rapid analytical technique primarily used for
phase identification of a crystalline material and can provide information on unit cell
dimensions. The analyzed material is finely ground and, homogenized, and the
average bulk composition is determined. By measuring the angles and intensities of
diffracted beams, a crystallographer can produce a three-dimensional picture of the
density of electrons within the crystal. From this electron density, the mean positions
of the atoms in the crystal can be determined, as well as their chemical bonds, their
disorder and various other information. X-rays are produced by bombarding a metal
target (Cu or Mo) with a beam of electrons emitted from a hot filament. The X-rays
with a similar wavelength to the distances between planes of the crystal structure can
be reflected such that the angle of reflection is equal to the angle of incidence. This is
called ‘diffraction’ and can be described by Bragg’s law:
2d sin θ = nλ

(3.3)

Here d is the spacing between diffracting planes, θ is the incident angle, n is any
integer, and λ is the wavelength of the beam. These specific directions appear as spots
on the diffraction pattern called reflections. Thus, X-ray diffraction results from an
electromagnetic wave impinging on a regular array of scatterers. In addition, the
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crystal size also can be calculated from the broadening of the peaks according to the
Scherrer equation:
0.9 𝜆

L = 𝐵 𝑐𝑐𝑐 𝜃

(3.4)

Where L is crystallite size, λ is 1.5418 Å and B is the peak full-width at half
maximum in radians.
In this doctoral work, X-ray diffraction measurements were carried out using a
scanning mode with a copper Kα radiation source. The diffractometer used were GBC
MMA and a Rgaku SA-HFM3. The systems were interfaced with Visual XRD and
Traces software for graphical processing and data manipulations. The sample powders
adhered onto glass slides, and were dropped with ethanol and left it to dry.

3.4.2 Field emission scanning electron microscopy (FESEM) and energy
dispersive spectroscopy (EDS)

Field emission scanning electron microscopy (FESEM) is the main tool used to
characterize the morphology of the as-prepared nanostructured materials in this thesis.
It is a type of electron microscope that produces images of a sample by scanning it
with a focused beam of electrons. The electrons interact with atoms in the sample,
producing various signals that can be detected and that contain information about the
sample’s surface topography and composition. The electron is generally scanned in a
raster scan pattern, and the beam’s position is combined with the detected signal to
produce an image. FESEM can achieve a resolution better than 1 nanometer.
Energy dispersive spectroscopy (EDS) is an accompanying elemental analysis
technique that is used for the elemental analysis or chemical characterization of a
sample. It relies on the interaction between some source of X-ray excitation and a
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sample. Its characterization capabilities are due in large part to the fundamental
principle that each element has a unique atomic structure allowing unique set of peaks
n its X-rays emission spectrum. The number and energy of the X-rays emitted from a
specimen can be measured by an energy-dispersive spectrometer. As the energies of
the X-rays are characteristic of the difference in energy between the two relevant
shells and of the atomic structure of the emitting element, EDS allows the elemental
composition of the specimen to be measured. In this work, a JEOL 7500 fieldemission scanning electron microscope (FESEM) and an attached EDS analysis
facility were used.

3.4.3 Transmission electron microscopy (TEM)

Transmission electron microscopy (TEM) is a microscopy technique in which a beam
of electrons is transmitted through an ultra-thin specimen, interacting with the
specimen as it passes through. An image is formed from the interaction of the
electrons transmitted through the specimen: and the image is magnified and focused
onto an imaging device. At smaller magnifications, TEM image contrast is due to
absorption of electrons in the material, due to the thickness and composition of the
material. At higher magnifications complex wave interactions modulate the intensity
of the image, requiring expert analysis of the observed images. Alternate modes of
use allow the TEM to observe modulations in chemical identity, crystal orientation,
electronic structure and sample-induced electron phase shifts, as well as the regular
absorption based imaging. Selected area electron diffraction (SAED) is a further
crystallographic experimental technique that can be performed inside a transmission
electron microscope. A thin crystalline specimen is subjected to a parallel beam of
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high-energy electrons. When high energy electrons are transmitted through a
crystalline sample, some electrons are scattered at different angles depending on the
crystal structure, giving characteristic diffraction spot patterns. In this work, TEM
images were collected using a JEOL 2011 200 k eV transmission electron microscope,
with a JEOL Energy-dispersive X-ray spectroscopy (EDS) detector and a JEOL EDS
software analysis system.

3.4.4 Atomic resolution analytical microscope (ARM)

Aberration correction can only improve the ultimate resolution of a microscope so far.
As the resolution improves, consideration of the environment of the room and the
electronic and mechanical stability of the microscope itself should be improved. With
this second generation of aberration corrected TEM, design effort has gone into
minimizing environmental effects and making these instruments less susceptible to
the environment around them. The atomic resolution analytical microscope has been
designed from the beginning to incorporate aberration correction. Design
improvements were made to improve the mechanical and electronic stability of the
microscope, and steps have been taken to further shield the electron microscope
column from thermal, magnetic, and electromagnetic influences. The overall stiffness
of the electron column scales with the fourth power of the column diameter, so the
thickness for the lower half of the electron column has been increased from 250 mm
to 300 mm, resulting in twice the stiffness of conventional microscopes. Computer
aided design and computer aided engineering models employing the finite element
method were used to optimize the microscope base design to minimize mechanical
vibrations.
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The ARM used in this thesis is, a 200 kV JEOL 2011 instrument. The stability of the
accelerating voltage has been improved to better than 0.5 ppm peak-to-peak, while the
stability of the objective lens current has been improved to better than 1.0 ppm peakto peak. The stability of the deflector system has been improved about two-fold
compared to conventional microscopes, so as to maintain an atomic spatial resolution
for atomic resolution chemical analysis. Furthermore, in order to suppress the
influences of external disturbances such as magnetic fields, temperature changes, air
flow and acoustic noise, the column is equipped with a heat insulation shield, a
magnetic shield, and is covered with a mechanical cover, as shown in Fig. 3.4.

Figure 3.4 JEOL JEM-ARM200F atomic resolution analytical microscope.

3.4.5 Raman spectroscopy
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Raman spectroscopy is a spectroscopic technique used to observe vibrational,
rotational, and other low-frequency modes in a system. It is commonly used in
chemistry to provide a fingerprint by which molecules can be identified. The Raman
spectroscopy relies on inelastic scattering, or Raman scattering, of monochromatic
light, usually from a laser in the visible, near infrared, or near ultraviolet range. The
laser light interacts with molecular vibrations, phonons or other excitations in the
system, resulting in the energy of the laser photons being shifted up or down. The
shift in energy gives information about the vibrational modes in the system. The
facility used in this work is the JOBIN YVON HR800 with a 632.8 nm laser

3.4.6 Fourier transform Infrared spectrometer (FTIR)

Infrared spectroscopy (IR spectroscopy) is a type of spectroscopy that deals with the
infrared region of the electromagnetic spectrum, which is light with a longer
wavelength and lower frequency than visible light. It covers a range of techniques,
and can be used to identify and study chemicals. Fourier transform IR (FTIR)
spectroscopy can provide chemical and structural information on materials due to
interaction between the incident electromagnetic waves and the molecular rotations
and vibrations, or electronic level transitions. For a given sample which may be solid,
liquid, or gaseous, the method or technique of infrared spectroscopy uses an
instrument called an infrared spectrometer to produce an infrared spectrum. A basic
IR spectrum is essentially a graph of infrared light absorbance on the vertical axis vs.
frequency or wavelength on the horizontal axis. Typical units of frequency used in IR
spectra are reciprocal centimeters, with the symbol cm-1. The units of IR wavelength
are commonly given in micrometers, which are related to wave numbers in a
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reciprocal way. In this study, Raman spectroscopy was conducted on a JOBIN Yvon
Horiba Raman Spectrometer HR800 with a laser at 632.8 nm.

3.4.7 X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is a surface-sensitive quantitative
spectroscopic technique that measures the elemental composition at the parts per
thousand range and can determine the empirical formula, chemical state and
electronic state of the elements that exist within a material. XPS spectra are obtained
by irradiating a material with a beam of X-rays while simultaneously measuring the
kinetic energy and number of electrons that escape from the top 0 to 10 nm of the
material being analyzed. XPS requires high vacuum (P ~ 10 - 8 millibar) or ultra-high
vacuum conditions; although a current area of development is ambient-pressure XPS,
in which samples are analyzed at pressures of a few tens of millibar. It is a surface
chemical analysis technique that can be used to analyze: (i) the surface chemistry of a
material in its as received, state or after some treatment; (ii) the empirical formula of
pure materials; (iii) the elements that contaminate a surface; (iv) chemical or
electronic state of each element in the surface; (v) the uniformity of elemental
composition across the top surface; (vi) the uniformity of the elemental composition
as a function of ion beam etching. XPS experiments in this thesis were carried out on
a VG Scientific ESCALAB 2201 XL instrument using aluminum Kα X-ray radiation.
XPS spectral analysis was conducted using XPS Peak-fit software.
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3.4.8 Thermogravimetric analysis (TGA)

Thermogravimetic analysis (TGA) is a weight analysis technique to determine the
weight changes, and thus the physical and chemical properties of materials in relation
to increasing temperature, or as a function of time. It is commonly used to determine
selected characteristics of materials that exhibit either mass loss or mass gain due to
decomposition, oxidations, or loss of volatiles. In this doctoral work, TGA was used
to determine the amount of multiwall carbon nanotubes in the composite materials. A
Mettler-Toledo

thermogravimetric

analysis/differential

scanning

calorimetry

(TGA/DSC) 1 STARe system was employed.

3.4.9 Brunauer-Emmett-Teller (BET) measurement

The well-known Brunauer-Emmett-Teller measurement is based on the theory of
physical adsorption of gas molecules on a solid surface, and serves as an important
analysis technique for the measurement of the specific surface area of a material. The
analysis is carried out at liquid nitrogen temperature (77K) over many relative
pressures. The samples have to be dry at 100 ºC overnight and degassed before
analysis to provide more accurate results. In this study, the BET measurements were
conducted on a Quantachrome Nova 1000 nitrogen gas analyser, and Autosorb-iQ-Cx
nitrogen adsorption instrument to determine the specific surface area of the synthesized
powders.

3.5 Electrocatalytic characterization
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3.5.1 Rotating disk electrode (RDE)

The rotating disk electrode (RDE) is a hydrodynamic working electrode used in a
three electrode system. The electrode rotates during experiments inducing a flux of
analyst to the electrode. These working electrodes are used in electrochemical are
used in electrochemical studies when investigating reaction mechanisms related to
redox chemistry. The electrode includes a conductive disk embedded in an inert nonconductive polymer or resin that can be attached to an electric motor that has very
fine control of the electrode’s rotation rate. The disk, like any working electrode, is
generally made of a noble metal or glassy carbon (as shown in Fig. 3.5).

Figure 3.5 Schematic illustration of the rotating disk electrode (156).

This disk’s rotation is usually described in terms of angular velocity. As the disk turns,
some of the solution is dragged along by the spinning disk and the resulting
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centrifugal force flings the solution away from the center the electrode. The solution
flows up, perpendicular to the electrode, from the bulk to replace the boundary layer.
The sum result is laminar flow of the solution towards and across the electrode. The
rate of the solution flow can be controlled by the electrode’s angular velocity and
modeled mathematically. This flow can quickly achieve conditions in which the
steady-state current is controlled by the solution flow rather than diffusion. By
running RDE, different electrochemical phenomena can be investigated, including
multi-electron transfer, the kinetics of a slow electron transfer, adsorption/desorption
steps, and electrochemical reaction mechanisms. In this work, the aqueous
electrochemical tests involving the RDE were carried out using computer-controlled
potentiostats (Princeton 2273 and 616 Princeton Applied Research) with a typical
three-electrode cell. Platinum foil was used as the counter-electrode and an Ag/AgCl
(saturated KCl filled) electrode as the reference electrode. The working electrodes
were prepared by applying the respective catalyst onto pre-polished glassy carbon
(GC) disk electrodes.

3.5.2 Rotating ring-disk electrode (RRDE)

The rotating ring-disk electrode (RRDE) is a double action electrode used
in hydrodynamic

voltammetry,

which

is

very

similar

to

a rotating

disk

electrode (RDE). The electrode actually rotates during experiments inducing
a flux of analyst to

the

electrode.

These

working

electrodes

are

used

in electrochemical studies when investigating reaction mechanisms related to redox
chemistry among other chemical phenomena. The difference between a rotating ringdisk electrode and a rotating disk electrode is the addition of a second working
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electrode in the form of a ring around the central disk of the first working electrode.
The two electrodes are separated by a non-conductive barrier and connected to the
potentiostat through different leads. To operate such an electrode it is necessary to use
a bipotentiostat or some other potentiostat capable of controlling a four electrode
system. This rotating hydrodynamic electrode motif can be extend to rotating doublering electrodes and rotating double-ring-disk electrodes and other even more esoteric
constructions as suited to a given experiment.
The RRDE is an important tool for characterizing the fundamental properties of the
electrocatalysts used in Li-O2 batteries. While one electrode conducts in linear sweep
voltammetry the other can be kept at a constant potential or also swept in a controlled
manner. Such experiments are useful for studying multi-electrons processes, the
kinetics of a slow electron transfer, adsorption/desorption steps, and electrochemical
reaction mechanisms. Herein, the non-aqueous electrochemical tests involving the
RRDE were carried out using computer-controlled potentiostats (Princeton 2273 and
636 Princeton Applied Research, Arbin BT2000) in a three-electrode system.

3.6 Electrode preparation and coin-cell assembly technique

Electrochemical performance was tested using CR2032 type coin cells with holes in
the cathode parts. The working electrodes for Li-O2 batteries were prepared by mixing
the active materials with 10 % poly(tetrafluoroethylene) (PTFE) or 10 %
poly(vinylidene difluoride) (PVDF) in a solvent, consisting of either Nafion® (5 %) or
1-methyl-2-pyrrolidinone (NMP), respectively. The slurry was uniformly pasted onto
glass microfiber filters which are used for the separator, or onto stainless steel mesh in
combination with Nafion® (5 %) as solvent and polypropylene as separator. The
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typical loading of cathode powder on 1.1 cm2 electrode was 1-2 mg cm-2, depending
on the density of the electrochemically active samples. The electrolyte consisted of a
solution of 1 M LiPF6 in tetraethylene glycol dimethyl ether (TEGDME), or 1 M
LiCF3SO3 in TEGDME. Pure lithium-foil was used as the counter electrode. The cells
were assembled in an argon-filled glove box (Mbraun, Unilab, Germany). In a typical
assembly, 2-3 drops of electrolyte is enough to soak the electrode and separator. The
negative cap was stacked on after the spring and the assembly was crimpled to ensure
air-tight sealing. Every measurement was repeated at least three times to ensure
reliability.

3.7 Electrochemical characterization

3.7.1 Cyclic voltammetry (CV)

Cyclic voltammetry (CV) is an electrochemical technique which measures the current
that develops in an electrochemical cell under conditions where voltage is in excess of
that predicted by the Nernst equation. CV is performed by cycling the potential of a
working electrode, and measuring the resulting current. In a cyclic voltammetry
experiment the working electrode potential is ramped linearly versus time. After the
set potential is reached in a CV experiment, the working electrode’s potential is
ramped in the opposite direction to return to the initial potential. If a redox reaction is
present in the electrochemical reaction, a distinct peak can be observed at both the
forward and reverse scans. In this work, the CV data were collected on Princeton
2273 and 636 instruments, Princeton Applied Research, or on an Arbin BT2000.
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3.7.2 Galvanostatic charge and discharge

The capacity and cycling performance of the Li-O2 batteries were investigated by
galvanostatic charge-discharge testing at various current densities. The charge or
discharge capacity (Q) equals the total electron charge in each process and can be
calculated from the recorded current and the time: Q = I × t. All tests were carried out
on a Land CT 2001. Multi-channel battery testers were used at room temperature in
oxygen atmosphere.

3.7.3 Linear sweep voltammetry (LSV)

Linear sweep voltammetry is a voltammetric method where the current at a working
electrode is measured while the potential between the working electrode and a
reference electrode is swept linearly in time. Linear sweep voltammetry can identify
unknown species, while the height of the limiting current can determine the
concentration. LSV were collected on PARSTAT 2273 Princeton Applied Research
or Arbin BT 2000 workstation.

3.7.4 Four point probe method

The four point probe is a simple apparatus for measuring the resistivity of materials.
By passing a current through the outer probes and measuring the voltage through the
inner probes, it is possible to measure the substrate resistivity. Herein, the four point
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probe method was used to measure the electrical conductivities of graphene and the
graphene@g-C3N4 composite in Chapter 7.

3.7.5 Electrochemical impedance spectroscopy (EIS)

AC impedance spectroscopy is a valuable technique that is used to determine the
electrochemical processes, such as electron transfer, mass transport, and chemical
reactions. Typically, AC impedance experiments are carried out over a wide range of
frequencies (several millihertz to several megahertz), and the interpretation of the
resulting spectra is aided by analogy to equivalent circuits. The key characteristic of
the impedance spectra collected from mixed ionic and electronic conductors (MIECs),
where the MIEC is placed between two metal electrodes, is the presence of a halftear-drop-shaped feature in the Nyquist representation. In Chapter 8, the ionic
conductivity of the gel-polymer electrolyte was determined by AC impedance
spectroscopy using two pieces of stainless steel. The frequency ranged from 1 Hz to
106 Hz at a perturbation voltage of 10 mV.
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Chapter 4

Porous AgPd-Pd composite

nanotubes as highly efficient
electrolcatalyst for the lithium-oxygen
battery

4.1 Introduction

Porous nanotubes have become increasingly important nanomaterials in electronics,
energy storage, catalysis, and fuel cell applications (157-163). In contrast to the intact
walls of conventional nanotubes, this structural feature will result in a much more
adsorption efficiency and abundant active catalytic sites, because molecules and
electrolyte can enter into the hollow cavities of porous nanotubes via not only the two
narrow ends, but also holes along the tube wall (159, 163-165). Especially in the field
of energy storage and conversion, these one-dimensional porous nanostructures can
also form a continuous conductive network and improve the adsorption of and
immersion in electrolyte on the surfaces of electroactive materials in order to facilitate
the electrode reaction kinetics for high energy density (158, 166-169). This porous
one-dimensional structure will be even more promising for increasing the catalytic
activities towards the two key processes in lithium oxygen battery, ORR (O2 + 2Li+ +
2e−→ Li2O2) and OER (Li2O2 → O2 + 2Li+ + 2e−) by facilitating rapid O2 diffusion
and electrolyte accessibility, and providing more catalytic reaction sites for deposition
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of Li2O2 (91, 170-174). More importantly, this one-dimensional nanostructured
catalyst may solve many of the inherent catalytic problems associated with state-ofthe-art nanoparticulate catalysts (175-177). The porous nanotubes are characterized by
their uniquely anisotropic nature, which offers advantageous structural and electronic
factors to the catalytic reduction of oxygen (168). The galvanic replacement method
provides a simple and versatile route for producing these hollow nanostructures in
composite form with controllable pore structures (178-180). A number of metals with
nanotube structure have been successfully synthesized by using silver or copper
nanowire as templates, such as Pt, Pd, and Au nanotubes (179-181). As compared to
pure monometallic systems, bimetallic catalysts have further garnered considerable
interest because they exhibit distinctly different and often superior activity towards
many chemical transformations, as determined via density functional theory (DFT)
calculations and experimental studies (182-189). Because of a combination of ligand,
geometric, and/or ensemble effects, bimetallic catalysts strongly enhance the kinetics
of the ORR and OER (164, 175, 182, 186, 190-193). Therefore, some bimetallic
composites with nanotube structure have been further designed by controlling the
reaction process. For example, Ag nanowires coated with AgPd alloy sheaths were
synthesized and used for reversible absorption and desorption of hydrogen (194). The
AgPd alloy sheaths act as a highly efficient catalyst during the reversible absorption
and desorption of hydrogen, owing to the combination of geometric and synergistic
effects (192-195). To the best of our knowledge, however, there is still no report on
using porous AgPd nanotubes as eletrocatalyst for Li-O2 batteries.
Herein, we use the galvanic replacement reaction to synthesize one-dimensional
AgPd-Pd composite porous nanotubes, which can act as an efficient bifunctional
catalyst for the ORR and OER in lithium oxygen batteries. This porous nanotube
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structure shows favourable rechargeability and excellent energy efficiency,
facilitating rapid O2 and electrolyte diffusion through the nanotubes, as well as
forming a continuous conductive network throughout the whole energy conversion
process.

4.2. Experimental

Synthesis of Ag nanowires: Silver nanowires were synthesized by reducing AgNO3
with ethylene glycol (EG, Sigma) in the presence of Pt seeds and poly(vinyl
pyrrolidone) (PVP, Mw = 40000). In a typical synthesis, 50 ml ethylene glycol was
added to a 100 ml round flask. It was then partially immersed in an oil bath and kept
at 165 °C for 10 min under ambient pressure. In the second step, 5 ml H2PtCl6
solution (2 × 10-4, in EG) was added. After 10 min, 25 ml AgNO3 solution (0.12 M, in
EG) and 50 ml PVP solution (0.36 M, in EG) were added dropwise to the hot solution
over a period of 10 min. The reaction continued at 165 °C for 60 min with an air
cooling reflux system. Vigorous stirring was maintained throughout the entire
process. The obtained composite was collected and aged in NH3•H2O for 1 day to
remove the AgCl. Finally, the reaction mixture was diluted with water and acetone
followed by centrifuging at 3000 rpm for 15 min. The supernatant containing silver
particles could then be easily removed using a pipette. This centrifugation procedure
was repeated several times until the supernatant became colourless.

Synthesis of electrocatalyst nanotubes (NTs):10 ml of the obtained silver nanowires
was diluted with 100 ml water and then refluxed in a three-necked round bottom flask
at boiling temperature for 10 min. 50 ml PdCl2 solution with different concentrations
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for different samples was added dropwise to the solution over 15 min. This mixture
was continuously refluxed until its colour became stable. Finally, the obtained
composite (AgPd-1, AgPd-2, and AgPd-3 NTs) reaction mixture was collected and
aged in NH3•H2O for 2 days to remove the AgCl. The obtained composites were
further washed with water and acetone several times. Before the composites were
used as catalyst, acid treatment and annealing treatment were needed. The acid
treatment was performed in 0.5 M HNO3 solution for 2 hours under stirring. The heat
treatment was carried out under flowing argon gas in an oven at 250 °C for 2 hours.

Characterization: The structure and phase purity were analysed by X-ray powder
diffraction (GBC MMA) on an instrument equipped with Cu Kα radiation that was
operated over a 2θ range of 30 – 80° in continuous scan mode with a scan rate of 0.5°
min-1. Refinement results were calculated using GASAII software. The morphology
of the samples was examined using field emission scanning electron microscopy (FESEM; JEOL JSM-7500). Transmission electron microscopy (TEM) investigations
were performed using a 200 kV JEOL 2011 instrument. Atomic resolution analytical
microscope (ARM) investigations were performed using a 200 kV JEOL 2011
instrument. Raman spectroscopy was performed using a Raman spectrometer (Jobin
Yvon HR800) employing a 10 mW neon laser at 632.8 nm. FT-IR spectra were
collected using a FTIR Prestige-21 (Shimadzu). X-ray photoelectron spectroscopy
(XPS) experiments were carried out on a VG Scientific ESCALAB 2201XL
instrument using aluminum Kα X-ray radiation. XPS spectral analysis was conducted
using XPS Peak-fit software.
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Catalyst and electrochemical performance: Electrochemical performance was tested
using CR2032 type coin cells with holes in the cathode parts. To prepare the working
electrodes, a mixture of the as-synthesized catalyst and poly(tetrafluoroethylene)
(PTFE) in a weight ratio of 90:10, using Nafion (5 %) as the solvent, was pasted onto
the stainless steel mesh (mesh edge was welded on the cathode shell). Typical
loadings of cathode powder for 1.1 cm2 were ～2 mg cm–2. The electrolyte consisted
of a solution of 1 M LiCF3SO3 in tetraethylene glycol dimethyl ether (TEGDME).
Pure lithium foil was used as the counter electrode. The cells were assembled in an
argon-filled glove-box (Mbraun, Unilab, Germany). Galvanostatic deep, full chargedischarge curves were collected at various current densities of 0.2, 0.4, and 0.6 mA
cm-2 between 4.2 and 2.5 V vs. Li+/Li, and discharge-charge cycling was conducted
with 1000 mAh g-1 cut-off discharge and charge capacity. All tests were conducted
with LAND CT 2001A multi-channel battery testers at room temperature in oxygen
atmosphere, using our designed facility. RDE aqueous electrochemical tests were
carried out using a computer-controlled potentiostat (Princeton 2273 and 616,
Princeton Applied Research) with a typical three-electrode cell. The working
electrodes were prepared by using the respective catalyst inks on the pre-polished
glassy carbon (GC) disk electrodes. Platinum foil was used as the counter-electrode
and an Ag/AgCl (saturated KCl filled) electrode was used as the reference electrode.
The detailed kinetic analysis was conducted according to Koutecky-Levich (K-L)
plots:
(4.1)

1 1
1
=
+
j jk Bω 0.5
where jk is the kinetic current and B is the Levich slope, which is given by:
B = 0.2nF ( DO2 ) 2 / 3 v −1/ 6CO2

(4.2)
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Here, n is the number of electrons transferred in the reduction of one O2 molecule, F
is the Faraday constant (F = 96485 C/mol), DO2 is the diffusion coefficient of O2 (DO2
= 1.9 × 10-5 cm2 s-1), ν is the kinematic viscosity for KOH (v = 0.01 cm2 s-1,) and CO2
is the concentration of O2 in the solution (CO2 = 1.2 × 10-6 mol cm-3). The constant 0.2
is adopted when the rotation speed is expressed in rpm. According to Equations (4.1)
and (4.2), the number of electrons transferred (n) can be obtained from the slope of
the Koutecky-Levich plot of j-1 vs. ω-1/2. CV was also obtained using the same
procedure.
The non-aqueous electrochemical CV tests were carried out using computercontrolled potentiostats (Princeton 2273 and 636, Princeton Applied Research) in a
three-electrode system. 1 M LiCF3SO3 in TEGDME was used as electrolyte. CVs
were obtained from open voltage to 3.6 V. The above procedure was repeated for each
sample.

4.3 Results and discussion

4.3.1. Structure and morphology
The electrocatalysts with nanotube structure were synthesized via a galvanic replacement
reaction of a concentration controlled Pd2+ solution and silver nanowire templates. The
growth of the nanotubes was closely monitored during the synthesis under different
conditions and characterized by a combination of X-ray diffraction (XRD), field emission
scanning electron microscopy (FESEM), and selected area electron diffraction (SAED) of
individual nanotubes, as shown in Fig. 4.1 and Fig. 4.2. The one-dimensional silver
nanowires (Ag NWs) exhibit a range of diameters around 100 nm and pure face-centredcubic (fcc) phase, as shown in Fig. 4.1(a) and Fig. 4.2 (a1). The FESEM image of the Ag
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NWs shows pentagonal cross-sections [Fig. 4.2 (a1)]. According to previously reported
results (179, 196), the nanowire structure growing along the [111] direction can be
interpreted as a chain of decahedra joined along the vertex in parallel to the five-fold
symmetry. The unique five-fold symmetry is due to the existence of five twin planes that
cross along a line in the centre of each nanowire. The same results can also be confirmed
by the SAED pattern in our work from the overlapping [001] and [112] zone axes, as
shown in Fig. 4.2(a2). By refluxing the silver nanowires with a controlled aqueous Pd2+
solution, nanotube-like structures were formed at different replacement reaction depths,
marked as AgPd-1, AgPd-2, and AgPd-3 NTs in this chapter. In Fig. 4.1 (c, d), compared
with pure Ag NWs, three obvious peaks at 40.1o, 46.6o, and 68.1o gradually appear in the
AgPd-2 and AgPd-3 NT composites, owing to the galvanic replacement reaction between
the Ag/Ag+ and Pd/Pd2+ pairs, corresponding to the (111), (200), and (220) crystalline
planes of Pd. Meanwhile, the Ag reflection peaks, from the (111), (200), and (220)
planes, shift right with increasing Pd reaction weight ratio from Fig. 4.1(b) to Fig. 4.1(d).
Since AgPd alloy has a smaller lattice constant than Ag, the shift of the reflections can be
attributed to the formation of AgPd alloy. Therefore, the diffraction patterns can be
indexed as mixed phase AgPd alloy and Pd, as indexed in the XRD Rietveld refinement
results in Fig. 4.1(a-d). The details of phase fractions and unit cell parameters are
displayed in Table 4.1. The unit cell parameter and cell volume show a decreasing trend
with the depth of the galvanic replacement reaction between Ag and Pd. AgPd alloy
begins to form during the replacement reaction. This conclusion is also consistent with
the previous results reported by Sastry et al. (197). The AgPd alloy phase fraction in
AgPd-1 is 83%, and the alloy content experiences a decrease down to 70 % in AgPd-3.
Meanwhile, the Pd phase fraction increases from 17 % in AgPd-1 to 30 % in AgPd-3. The
ratio of Ag to Pd in AgPd alloy also falls from 9:1 in AgPd-1 to 1:1 in AgPd-3. As shown
in the FESEM images (Fig. 4.2 (c1, d1)), the as-prepared nanotubes still retain the same
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five-fold cross-sectional structure as the pure silver in terms of morphology. This is also
indicated by the SAED patterns [Fig. 4.2 (c2, d2)], with overlapping of [001] and [112]
zone axes in the fcc unit cell.

Figure 4.1 XRD Rietveld refinement results for Ag NWs (a), and AgPd-1 (b), AgPd-2 (c),
and AgPd-3 (d) NTs (198).
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Figure 4.2 FESEM images of the cross-sectional morphology of Ag NWs (a1), and
AgPd-1 (b1), AgPd-2 (c1), and AgPd-3 (d1) NTs (scale bar :100 nm); Corresponding
SAED patterns of individual nanowires or nanotubes of Ag NWs (a2), and AgPd-1 (b2),
AgPd-2 (c2), and AgPd-3 (d2) NTs (198).
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Table 4.1 XRD refinement results for the four samples (198).
Ag NWs

AgPd-1 NTs

AgPd-2 NTs

AgPd-3NTs

Lattice

Ag

4.0836

/

/

/

parameter

AgPd alloy

/

4.0569

4.0399

4.0311

a,b,c (Ǻ)

Pd

/

3.9839

3.923

3.9021

Cell volume

Ag

69.097

/

/

/

(Ǻ3) V

AgPd alloy

/

66.772

65.937

65.502

Pd

/

63.234

60.375

59.418

100

/

/

/

/

83

78

70

fraction (%)

/

17

22

30

Rw(%)

2.604

1.991

2.707

2.366

Ag phase
fraction (%)
AgPd alloy
phase
fraction (%)
Pd phase

Schematic diagram of the formation of the nanotubes and corresponding transmission
electron microscope (TEM) images are shown in Fig. 4.3. TEM images in Fig. 4.3(be) show that the as-prepared Ag NWs and AgPd composites have similar onedimensional structured morphology. A schematic illustration of the galvanic
replacement reaction process is also presented in Fig. 4.3(a). A series of AgPd NTs
(AgPd-1, AgPd-2, and AgPd-3) with different morphologies and different
replacement depths can be obtained. The replacement reaction occurs because the
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reduction potential of Pd2+/Pd is higher than that of Ag+/Ag. Pd2+ ions diffuse onto the
surfaces of the Ag templates, and then oxidize Ag to Ag+. The released electrons can
easily move to the surfaces of the templates and reduce Pd2+ to Pd, leading to the
formation of a thin layer of AgPd alloy (168, 178, 194). In this reaction process, all
the atomic diffusion and replacement will cause structural redistribution, to form
some hollow [red circle marked in Fig. 4.3(c)] or even porous nanotube structures
[inset image in Fig. 4.3(e)]. This process is clearly indicated by the energy dispersive
X-ray spectroscopy (EDS) with scanning transmission electron microscopy (STEM)
in a highly resolved small area of 250 nm and even 20 nm on the walls of the
nanotubes. In the AgPd-1 NT composite, Pd and Ag show a similar distribution over
the entire area to all the other AgPd samples. With Ag being oxidized, in the AgPd-3
NT composite, the Pd signal has a higher distribution than Ag on the surface of the
nanotubes (Fig. 4.4). The change in the crystalline plane distance on the wall of the
nanotube also indicates the increasing amount of Pd. In the AgPd-1 NT composite
[Fig. 4.3 (c2)], the lattice fringes have a measured interplanar distance of 1.98 Å,
smaller than 2.04 Å for the fcc Ag (200) and higher than 1.94 Å for the fcc Pd (200),
which can be indexed to the (200) crystalline plane of AgPd alloy. Compared with the
AgPd-1 NTs, the lattice fringes from the wall in AgPd-3 NT composite have
measured distances of 2.25 Å and 1.36 Å [Fig. 4.3 (e2)], which can be indexed to the
(111) and (220) planes of fcc Pd, respectively, confirming that Pd phase has formed
on the surface of the nanotube. Therefore, a range of compositions of AgPd alloy and
Pd were synthesized in this corrosion process. Some corroded holes were formed in
the walls of the nanotubes, leading to the formation of porous AgPd-Pd NTs, as
shown in the inset of Fig. 4.3 (e). However, the nanotube structure will be damaged in
further replacement reaction with increasing the amount of Pd2+ ion (Fig.4.4 (b)).
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Figure 4.3 a) Schematic diagram of the formation of the nanotube electrocatalyst
(yellow balls: Ag; red balls: Pd); HRTEM, EDS (pale red: Ag; red: Pd), and STEM
images of Ag NWs (b, b1, b2), AgPd-1 (c, c1, c2), AgPd-2 (d, d1, d2), and AgPd-3 (e,
e1, e2). The insets in b2, c2, d2, and e2 are the corresponding fast Fourier transform
patterns (198).
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(a)

(b)

Figure 4.4 (a) EDS results from STEM on the obtained AgPd-1, AgPd-2, and AgPd3 composites. (pink: Ag; Red : Pd); (b) Damaged nanotube structure of AgPd-Pd
composite (198).

4.3.2. Electrochemical characterizations

RDE technique was used to investigate the ORR activities of the four samples including
pure Ag NWs and the AgPd-1, AgPd-2, and AgPd-3 (AgPd-Pd) NTs compared with high
quality commercial Pt/C (20 wt.% Pt on Vulcan XC - 72) in O2 saturated 0.1 M KOH
electrolyte at a scan rate of 10 mV s−1. As shown in the RDE curves in Fig. 4.5 (a) and
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Fig. 4.6, compared with the Ag NWs and AgPd NTs, AgPd-3 features an enhanced ORR
performance with positive onset potential and larger current density than AgPd-1 and
AgPd-2. Furthermore, the RDE curves at various rotation speeds were measured to
determine its ORR kinetic performance. The corresponding Koutecky-Levich (K–L) plots
(J−1 vs. ω−1/2) at various electrode potentials exhibit good linearity (inset images in Fig.
4.6). The linearity and parallelism of the K–L plots suggest first-order reaction kinetics
towards the concentration of dissolved oxygen and similar electron transfer numbers for
the ORR at different potentials. The AgPd-3 NTs favour a nearly 4 electron oxygen
reduction reaction process. AgPd-1 and AgPd-2 also show a high electron reaction,
corresponding to 3.6 and 3.7, respectively. The conclusion can be get that AgPd-3 NTs
prefer to a four-electron ORR process, which indicates the best ORR catalytic activity.
The catalytic activity enhancement of the AgPd NTs over the commercial Pt/C and pure
Ag NWs is plotted as a function of potential in Fig.4.5 (b) and Fig.4.7. In Fig. 4.5 (b), the
AgPd NTs show large activity improvements over the commercial Pt/C, which are largely
attributable to the AgPd alloy layer and the porous structure of the nanotubes. At 0.95 V,
the AgPd-3 NTs show an improvement over commercial Pt/C by a factor of nearly eight.
Compared with Ag NWs, AgPd-3 NTs also show an improvement by a factor of nearly
nineteen at ~0.85 V. This result is also consistent with the conclusion reached by
Stevenson’s and Xia’s groups that AgPd alloy could enhance the catalytic activity by
several times compared to pure monometallic systems (168, 192, 194). CVs in O2saturated 0.1 M KOH electrolyte were also used to reveal the ORR activity of the asprepared samples in Fig. 4.5 (c). In the CV for pure Ag NWs, characteristic oxidation
peaks appear between 1.067-1.467 V, corresponding to Ag2O monolayer, AgOH bulk,
and Ag2O bulk formation, respectively (199, 200). The reduction of silver oxide is
observed to be reversible on the negative scan, at 1.087 V. In the case of the AgPd-1 NTs,
the oxide reduction peak of Ag is shifted left, which may be due to the alloy layer on the
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surface. The same trend in the shift continues with an increasing ratio of Pd in the
composite. Combining all the above results, it is concluded that an AgPd alloy layer has
formed on the surface and is essential for achieving enhanced catalytic performance.

Figure 4.5 (a) RDE curves of high quality commercial Pt/C (20 wt.% Pt on Vulcan
XC - 72) and Ag NWs, AgPd-1, AgPd-2, AgPd-3 NTs; (b) activity enhancement
relative to commercial Pt/C (jk/jkAg), from the data shown in (a) (inset: Tafel slopes);
(c) cyclic voltammograms of Ag NWs, and AgPd-1, AgPd-2, AgPd-3 NTs; (d)
comparison of Ag NWs and AgPd-3 NTs on first discharge/charge results; (e)
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discharge/charge curves of AgPd-3 NTs for selected cycles; (f) cycling performance
of the AgPd-3 NTs (198).

Figure 4.6 RDE curves of commercial Pt/C (20 wt.% Pt on Vulcan XC-72) (a); Ag NWs
(b); AgPd-1 (c); AgPd-2 (d); and AgPd-3 (e) in O2-saturated 0.1 M KOH solution with
various rotation speeds and a sweep rate of 10 mV s−1; insets show corresponding K–L
plots (J−1 versus ω−1/2) at different potentials (198).
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Figure 4.7 Activity enhancements relative to Ag NWs (jk/jkAg), from the data shown in
Fig. 4.5 (a) (198).

The electrochemical properties of the samples were then examined in a lithium oxygen
cell without using any additional conductive carbon black. The specific capacities were
calculated based on the total composite mass in the cathodes. The pure Ag NWs and
AgPd-3 NTs are included for comparison in Fig. 4.5 (d), which shows the first
discharge/charge voltage profiles of the electrodes with pure Ag NWs and AgPd-3 NT
composite at a current density of 0.2 mA cm-2. Compared with the pure Ag NWs, the
AgPd-3 NTs show improved round-trip efficiency up to 78 %, which is vital for
electrochemical energy storage devices, together with a discharge capacity of 2650 mAh
g-1 and a charge capacity of 2600 mAh g-1 at a current density of 0.2 mA cm-2.
Furthermore, the charge plateau of the AgPd-3 NTs is at 3.69 V, lower than those of the
Ag NWs and some previously reported results (71, 171, 201, 202), showing the excellent
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OER performance. These results can also be further confirmed by the cyclic
voltammograms and RDE curves in O2 saturated non-aqueous electrolyte [1 M LiCF3SO3
in tetraethylene glycol dimethyl ether (TEGDME)], as shown in Fig. 4.8. Compared with
Ag NWs, the AgPd-3 NTs display obviously higher ORR and OER currents and smaller
overpotentials, which indicate that the AgPd-3 NTs provide a bifunctional catalyst
performance in the anodic and cathodic scan processes. In organic electrolyte, AgPd-3
NTs also provide positive onset potential and larger current density with increased rotate
speed. In Fig. 4.9, when the current density is increased to 0.4 and 0.6 mA cm-2, the
AgPd-3 NTs also exhibit excellent discharge/charge performance, with 2275/1970, and
1770/1445 mAh g-1, respectively. More importantly, excellent energy efficiency of 65 %
(0.4 mA cm-2) and 60 % (0.6 mA cm-2) can also be achieved at higher current densities.
All of this excellent performance can be attributed to the high catalytic activity of the
AgPd-3 NTs and the porous nanotube structure, with porous channels facilitating rapid O2
diffusion and providing a high density of reactive sites. The capacity-limited method was
used to evaluate the cycling performance (170, 203). Fig. 4.5(e, f) presents the
discharge/charge and cycling performances of the AgPd-3 NT composite at 0.2 mA cm-2
current density with a fixed specific capacity of 1000 mAh g-1. The AgPd-3 NTs show a
high ORR potential and a low OER potential even after 100 cycles (Fig. 4.5(e)). In Fig.
4.5 (f), the discharge and charge capacities retain stable values, and in addition, the
discharge terminal voltage is higher than 2.5 V, while the charge terminal potential is
lower than 4.1 V for 100 cycles. Generally speaking, the AgPd-3 NTs exhibit superior
electrochemical performance to those in other published results (171, 173, 191, 202, 203),
resulting from both the efficient synergistic catalytic activity and the continuous threedimensional reaction network formed by the porous nanotubes.
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Figure 4.8 (a) Cyclic voltammograms from open voltage to 3.6 V (b) RDE curves from
open voltage to 2.2 V in O2 saturated non-aqueous electrolyte (1 M LiCF3SO3 in
TEGDME) (198).

Figure 4.9 Discharge/charge curves of AgPd-Pd composite nanotubes at different current
densities (198).

To further understand the AgPd-Pd NT (AgPd-3 NTs) reaction mechanism over the
whole process, the XRD patterns of the reaction products at different discharge/charge
stages and the HRTEM morphologies of the cathodes are shown in Fig. 4.10. In the
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discharged samples, as shown in Fig. 4.10 (a), the reaction produces Li2O2 nanocrystals
(marked by orange circles) with particle size in the range of 50 to 100 nm that nucleate on
the surface and inside of the nanotubes, which can be observed from the disappearance of
the hollow structure in the inset of Fig. 4.10(a) and Fig. 4.11. The diffraction signal was
also used to prove the presence of crystallized Li2O2, with 5 diffraction rings in the
corresponding SAED pattern, as shown in Fig. 4.10 (b). In previously reported results,
very large toroid-like Li2O2 particles with size up to 1 µm can normally be observed
during the ORR process (71, 204). What we have here is very different. The different
morphology of Li2O2, which could be attributed to the different electrocatalyst and its
morphology, could result in different electrochemical performance (71, 171, 203-205).
After full charging, the obvious nanotube structure appears again [Fig. 4.10 (d)],
indicating the high reversibility of Li2O2. The corresponding SAED pattern in the inset of
Fig. 4.10 (d) confirms the cubic structure of the AgPd and Pd composite. The XRD
patterns in Fig. 4.10 (c) also confirm the reversible formation of Li2O2 during the
discharge and charge process, which is consistent with the results obtained by TEM
observation and other groups (71, 201, 204, 206). The diagram in Fig. 4.10 (e)
schematically outlines the discharge and charge processes. The nanotube structure with
porous channels, facilitating rapid O2 and electrolyte diffusion, forms a continuous
conductive network throughout the whole ORR and OER process. It also can provide a
high density of reactive sites on the outside and inside of the nanotube, in which Li2O2
can be deposited to achieve high energy density. In addition, the electrolyte stability was
also investigated by FTIR and Raman spectra during long-term capacity-limited cycling.
According to the published results, ether-based electrolyte are prone to autoxidation under
oxygenated radicals and occurs decomposition higher than 4 V, leading to formation of
non-reversible reaction products (36, 207). As shown in Fig.4.12, although TEGDME is
more stable than other organic solvent, such as carbonate-based and DME electrolyte,
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electrolyte decomposition also appear after 65 cycles giving a mixture of non-reversible
reaction products, such as Li2CO3, LiOH, which increase the overpotential and influence
the cycling performance. X-ray photoelectron spectroscopy (XPS) was further used to
gain insight into the Ag and Pd chemical bonding information during long-term cycling
as shown in Fig.4.13. Compared with the aqueous system, Ag and Pd are much more
stable in O2 saturated TEGDME electrolyte. Unfortunately, after long-term cycling,
accompanied by the electrolyte decomposition, Ag could be transferred into Ag+ ion or
Ag2O because of adsorption of OH− ions followed by further oxidation at more positive
potentials.

Figure 4.10 TEM image (a) and SAED pattern (b) of AgPd-Pd NT electrocatalyst
after full discharge; (c) XRD patterns of the AgPd-Pd NT electrocatalyst collected at
different reaction steps; (d) HRTEM image of AgPd-Pd NT electrocatalyst after the
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first cycle (corresponding SAED pattern as inset); (e) schematic diagram of the
discharge and charge processes (198).

Figure 4.11 TEM image of discharged AgPd-3 NT composite (198).

Figure 4.12 (a) FTIR and (b) Raman curves of air electrode at different cycles (198).
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Figure 4.13 XPS of (a) Ag 3d and (b) Pd 3d signals from AgPd-Pd composite nanotubes
at different cycles (198).

4.4 Summary
In conclusion, carbon-free porous AgPd-Pd composite nanotubes were synthesized via a
galvanic replacement reaction. The composite was used as a bifunctional electrocatalyst,
showing favorable rechargeability and good electrocatalyst performance with a high
round-trip efficiency, owing to the high catalytic activity of the electrocatalyst and the
abundant catalytic active sites provided by the porous nanotube structure. Therefore, this
AgPd-Pd electrocatalyst with carbon-free porous nanotube structure is a promising
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bifunctional electrocatalyst for lithium oxygen batteries, with high energy density,
favorable rechargeability, and high round-trip performance.
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Chapter 5

A Facile Approach to Synthesize

Stable CNTs@ MnO Electrocatalyst for High
Energy Lithium Oxygen Batteries

5.1 Introduction

The electrocatalysts for ORR and OER play a key role in improving the power density,
cycling stability, and energy efficiency, and are key enablers for practical
rechargeable lithium oxygen batteries. Therefore, it is necessary to develop stable and
efficient electrocatalysts with proper morphology for the oxygen reduction and
oxygen evolution reactions in the lithium air battery (11, 128, 172, 208-211). The
electrocatalysts can be roughly classified into the following three categories: (1)
porous

carbon

materials,

including

carbon

black,

nanostructured

carbon,

functionalized carbon, and graphene, which, strictly speaking, are not an
electrocatalyst, but act as an electrocatalyst support or as an electrically conductive
additive (17, 20, 71, 91, 212-214); (2) precious metals (alloys), for example, Pt, Au,
Ag, and Pd, which might make a lithium air battery economically impractical (23, 86,
173, 215, 216); (3) transition metal oxides, mainly manganese-based oxides and
composites, and cobalt oxides (19, 202, 217-219), which have attracted great attention
because of the potential low cost and rich resources. Among these catalysts,
manganese oxide with various structures and morphologies, such as MnO2 nanowires,
MnO2 hollow spheres, and MnO2 nanorods, have been synthesized and used as
cathode catalysts for lithium air batteries (19). However, it is worth pointing out that
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MnO2 as a very promising cathode material for the lithium primary battery cannot be
stably cycled between 1.5 - 4.0 V vs. Li+/Li in the lithium ion rechargeable battery
system. MnO2 takes part in the reaction to form intermediate products with
unexpected morphology, which will influence the electrocatalyst performance (220).
Therefore, as a catalyst, MnO2 would not be a good choice as stable electrocatalyst for
the lithium air battery.
On the other hand, many reports have also revealed that the supporting materials for
electrocatalyst are also one of the key factors controlling the performance of the
oxygen electrode (48, 128, 210, 221, 222). The application of carbon nanotubes
(CNTs) in electrical materials has attracted intense research interest because of their
extraordinary thermal and mechanical stability, as well as the high electronic
conductivity of CNTs. Homogeneously dispersing CNTs on the surface of the active
materials has the following advantages: (1) forming a continuous conductive network
on the bulk of the electrode to improve the cycling performance; (2) improving the
adsorption and penetration of the electrolyte on the surface of the electroactive
materials to facilitate the electrode reaction kinetics; and (3) as a buffer among the
electroactive materials due to their superior resiliency, restraining cracking and
crumbling, and maintaining the integrity of the electrode (223).
Therefore, in this chapter, we investigated stable manganese monoxide (MnO)
decorated on carbon nanotube catalyst support as oxygen electrocatalyst in lithium
oxygen batteries, and conducted further research on the deposition of reaction
products and decomposition mechanism in the electrocatalysis process using the
hydrodynamic technique of RRDE in non-aqueous solution. Multiwall carbon
nanotubes with high electronic conductivity were used as the supporting materials for
electrocatalyst, and nanosized MnO was successfully deposited on them to catalyse
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the chemical reactions with high capacity. The composite materials with networking
structures show favourable rechargeability and good stability in the air electrode for
lithium oxygen batteries.

5.2. Experimental

Synthesis: Preparation of CNTs@MnO composite: commercial multiwalled CNTs
(Carbon nanotubes, multi-walled, O.D. × L 6-13 nm × 2.5-20 μm, Aldrich) were
purified by refluxing the as received sample in 10 wt% nitric acid for 12 h. The acidtreated CNTs were then collected by filtration and dried in vacuum at 120 oC for 12 h.
Typical synthesis process of the CNTs@ MnO composite can be described as follows.
Firstly, 0.2 g CNTs were dispersed in 200 ml deionized (DI) water by ultrasonic
vibration for 1 h. 0.32 g KMnO4 was then added into the above suspension and the
mixed solution was stirred by magnetic bar for 10 h in round bottom flask at the
temperature 70 oC. Finally, the product was obtained after centrifugation and washing
with water. Then, the obtained black product was dried at 60 oC for 10 h in a vacuum
oven, followed by sintering at 500 oC for 6 h under Ar/H2 (95:5, v/v) atmosphere to
yield the CNTs@MnO.

Characterization: The phase purity and the structural characterization were analyzed
by X-ray powder diffraction (GBC MMA) equipped with Cu Kα radiation that was
operated over a 2θ range of 5～80° in a continuous scan mode with a scan rate of 2°
min-1. The particle size and morphology of the samples were examined using field
emission scanning electron microscope (FE-SEM; JEOL JSM-7500). Raman spectra
were performed using a Raman spectrometer (JobinYvon HR800) employing a 10
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mW/neon laser at 632.8 nm. The amount of CNTs in the samples was estimated using
a Mettler-Toledo thermogravimetric analysis/differential scanning calorimetry
(TGA/DSC) Stare System from 50-800 oC at 10 oC min-1 in air flux.

Electrochemical measurement: Electrochemical experiments were performed using
CR2032 type coin cells with holes in cathode shell (Fig. 5.1). For preparing working
electrodes, a mixture of the as-synthesized hybrid materials and poly(vinyl difluoride)
(PVDF) at a weight ratio of 90:10, using 1-methyl-2-pyrrolidinone (NMP) as the
solvent, were pasted on the glass microfiber filters which is used as separator. Typical
loadings of cathode powder with 1.1 cm2 were ～ 1.5 mg cm–2(catalyst). The
electrolyte consisted of a solution of 1 M LiPF6 in tetraethylene glycol dimethyl ether
(TEGDME). Pure lithium foil was used as a counter electrode. The cells were
assembled in an argon-filled glove-box (Mbraun, Unilab, Germany). Galvanostatic
deep-fully charge-discharge curves were tested at various current densities from 0.1,
0.2, 0.4, and 0.6 mA cm-2 (75, 150, 300, and 450 mA g-1 ) between 4.5 and 2.0 V vs.
Li+/Li, and discharge-charge cycles were tested with 1000 mAh g-1 cut off discharge
capacity and then charged to 4.4 V vs. Li/Li+. The catalyst stability in lithium ion
atmosphere during the voltage window between 2.0-3.5 V was carried out using
lithium ion battery setup. All tests were operated by LAND CT 2001A multi-channel
battery testers at room temperature in oxygen atmosphere using our designed oxygen
box. Measurements were repeated at least three times to ensure reliability.
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Figure 5.1 CR2032 type lithium oxygen coin cells (224).

CVs were carried out using a computer-controlled potentiostats (Princeton 2273 and
636 Princeton Applied Research, Arbin BT2000). A lithium slide embedded inside
Nickel foam was used as a counter-electrode and the reference electrode. The working
electrodes were prepared using the same procedure above. A total of 5.5 µL of a welldispersed catalyst ink was applied onto a pre-polished glassy carbon (GC) disk
electrode (5.61 mm in diameter). The electrodes thus prepared were dried at room
temperature overnight prior to the electrochemical tests. CV in non-aqueous
electrolyte was obtained between 2 V and 4.5 V at various rotating speed from 400 to
2700 rpm in O2 saturated electrolyte. Working electrodes were first prepared by the
procedure described above in the electrode preparation section. The working electrode
was immersed into an Ar-purged electrolyte for 20 minutes prior to each cyclic
voltammetry experiment. After steady-state CVs were obtained in Ar (2.0-4.5 V, 20
mVs-1), the cell was purged with O2 for 20 min and similar CVs were obtained in O2saturated electrolyte at 20 mVs-1 at various rotating speed. LSV were ordered between
1.6 – 3.0 V with a scan rate of 5 mV s-1 at 900 rpm in O2-saturated electrolyte, with
the ring held at 3.5 V.

5.3. Results and discussion
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5.3.1. Structure and morphology analysis

The general process for the fabrication of CNTs@MnO composite is illustrated in Fig.
5.2. Typically, MnO4-1 anions react with multiwall CNTs in water solution to produce
an amorphous Mn-based precursor MnOx layer coating on the CNTs, which can be
confirmed from high resolution transmission electron microscopy (HRTEM) in Fig.
5.2 (a, b). Then, the CNTs@MnO composite is obtained by annealing the
intermediate product at 500 °C for 6 h in a reducing H2/Ar atmosphere. MnO
nanoparticles with sizes in the range of 20 nm are uniformly anchored on and
connected with the CNTs to form a continuous conductive network, which can also be
confirmed from Fig. 5.2 (c,d).

Figure 5.2 Schematic flow-process diagram of the whole process, with corresponding
HRTEM images of the CNTs@MnOx (a, b), and CNTs@MnO (c, b) composites
(224).

100

Figure 5.3 (a) XRD results for CNTs, CNTs@MnOx and CNTs@MnO composites;
(b) XPS results for CNTs@MnOx and CNTs@MnO composites (224).

Information on the process was obtained from the associated X-ray diffraction (XRD)
and X-ray photoelectron spectroscopy (XPS) (Fig. 5.3). In Fig. 5.3(a), aside from the
peaks of the CNTs at 26°, three weak peaks (marked with asterisks) at 2θ around 12°,
37°, and 66° are observed in intermediate product CNTs@MnOx, which mainly can
be indexed to α-MnO2, including its amorphous phase. After annealing at 500 °C in
Ar/H2 atmosphere, pure cubic MnO was then obtained, which is indexed to a pure
cubic phase (PDF:07 - 0230), and no impurity peaks can be found. The MnO cubic
phase can also be confirmed from the lattice fringes corresponding to the (111) plane
in the HRTEM image shown in Fig. 5.2 (d). In Fig. 5.3 (b), the Mn2p peak of the
original CNTs@MnOx can be deconvoluted into two different components. The most
intense peak, at 642.5 eV, is assigned to Mn2p3/2, which, together with the component
at 653.9 eV that correspond to Mn2p1/2, is a signature of Mn (IV) in the surface of the
CNTs@MnOx composite. After reduction in Ar/H2 atmosphere, the peaks of Mn2p3/2
and Mn2p1/2 left shift to 642.2 eV and 653.4 eV, respectively, as is characteristic of
MnO, revealing that the Mn (IV) has been reduced to Mn (II). The samples were also
investigated using Raman spectroscopy (Fig. 5.4). After coating with the MnOx layer
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and reducing it into MnO particles on the outer surface of the CNTs, the characteristic
Mn – O vibration modes of manganese oxides are located in the range of 580 – 670
cm−1. The total weight of CNTs in CNTs@MnO composite can be roughly calculated
as 50% from the loss percentage in the thermogravimetric analysis (TGA) curves (Fig.
5.5).

Figure 5.4 Raman spectra of CNTs and of the CNTs@MnOx and CNTs@MnO
composites (224).

Figure 5.5 TGA curves of CNTs@MnO composite (224).
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5.3.2. Electrochemical characterization

The electrochemical properties of the CNTs@MnO were then examined in a lithium
oxygen cell without conductive carbon black, and all of the results for the specific
capacities are calculated from the total composite mass in the cathode. The pure CNTs
and CNTs@MnOx are included for comparison in Fig. 5.6 (a), which shows the first
discharge/charge voltage profiles of the electrodes with pure CNTs, and the
CNTs@MnOx and CNTs@MnO composites at a current density of 0.1 mA cm-2.
Compared with the pure CNTs and the CNTs@MnOx, we can clearly see that the
CNTs@MnO composite shows excellent discharge/charge performance. The
CNTs@MnO composite exhibits the improvement of the discharge capacity and the
round trip (the ratio of discharge to charge voltage) that is vital for electrochemical
energy storage devices, delivering a discharge capacity of 6360 and a charge capacity
of 5510 mAh g-1(composite) at 0.1 mA cm-2 current density. Furthermore, the discharge
plateau of the CNTs@MnO composite is at 2.67 V, higher than those of the pure
CNTs and CNTs@MnOx, 2.53 and 2.55 V (specific capacity 2000 mAh g-1(composite)
positions), respectively. The charge voltage of the CNTs@MnO composite is also
much lower than those of the CNTs and CNTs@MnOx, showing thebest round-trip
performance. In Fig. 5.6 (b), when the current density is increased to 0.2, 0.4, and 0.6
mA cm-2, the CNTs@MnO composite also exhibits excellent discharge/charge
performance, with 5916/4974, 4137/3905, and

2527/2293 mAh g-1(composite),

respectively. According to the capacity-limited cycle method that has recently come
into widespread use (221), Fig. 5.6 (c, d) respectively presents the discharge/charge
and cycling performances of CNTs@MnO composite at 0.4 mA cm-2 current density
with a fixed specific capacity of 1000 mAh g-1(composite). The CNTs@MnO composite
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shows ORR and OER profiles over the whole process of discharge and charge,
exhibiting a higher ORR potential and lower OER potential even after 100 cycles, and
the voltage obtained at the discharge terminal is higher than 2.4 V for 100 cycles.
Generally speaking, the CNTs@MnO composite exhibits excellent electrochemical
performance in terms of both deposition and decomposition of discharge products,
which might be attributed to substantial reaction sites for the reaction and deposition
of nanocrystal products located between MnO and CNTs, resulting from surface
defects together with the continuous three-dimensional electronic conductivity
network formed by the CNTs, as well as the efficient synergistic effects of the high
catalyst reaction rates for the ORR and OER processes from the MnO electrocatalyst.

Figure 5.6 (a) First discharge-charge curves of the CNTs, and the CNTs@MnOx and
CNTs@MnO composites at 0.1 mA cm-2 current density; (b) discharge-charge curves
of the CNTs@MnO composite at different current densities; (c) discharge-charge
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curves for selected cycles of the CNTs@MnO composite at the current density of 0.4
mA cm-2 with a fixed capacity of 1000 mAh g-1(composite); (d) variation with cycle
number of the discharge terminal voltage at the current density of 0.4 mA cm-2 with a
fixed capacity of 1000 mAh g-1(composite) (224).

5.3.3 Reaction mechanism

In order to make an accurate research on the ORR and OER process in non-aqueous
electrolyte, Fig. 5.7 (a) shows the steady-state CVs of three samples electrode for 1 M
LiPF6 in TEGDME both in argon saturated and oxygen saturated with a scan rate of
20 mV s-1. Obviously, no significant anodic or cathodic peak was observed in the
CNTs@MnO composite with argon saturated electrolyte, which suggests that there is
no corresponding chemical reactions proceed in the whole process (37, 225).
However, in the cathodic scan process when the electrolyte was saturated with oxygen,
the three electrodes appear a current of the oxygen reduction process, in which
CNTs@MnO showed an enhanced reduction performance with positive onset
potential and large current density comparable to those of the pure CNTs and
CNTs@MnOx composite. In the following cathodic scan process, there is a substantial
evolution current, while there is no current evidence appears both in the pure CNTs
and CNTs@MnOx composite, which indicates that MnO plays a key role in the
process of oxygen evolution reaction.
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Figure 5.7 (a) CV curves acquired at 20 mV s-1 in O2 (red line) or Ar (black line)
saturated 1M LiPF6 in TEGDME with 900 rpm rotating speed. (b) RRDE results of
the LSV between 1.6 - 3.0 V in O2 saturated 1 M LiPF6 in TEGDME acquired at
5 mV s-1 with 900 rpm rotating speed (224).

To investigate the formation of the reaction products, LSV were performed between
1.6 – 3.0 V with a scan rate of 5 mV s-1 at 900 rpm in O2-saturated electrolyte, with
the ring held at 3.5 V as shown in Fig. 5.7 (b). In this technique, the intermediate or
final products, O- or O2-, generated at the disk electrode could be accurately
determined. It can be found that CNTs@MnO also showed an enhanced reduction
trend with positive onset potential and large current density comparable to those of
the pure CNTs and CNTs@MnOx composite, together with a high ring current
corresponding to a high percentage of intermediate or final products. In the ring
electrode, nearly 65% of the ORR charge can be allocated to either superoxide or the
formation of Li2O2 and other additional species. The remaining fraction of the ORR
charge may be attributed to incomplete removal of Li2CO3 or other solid species such
as HCO2Li and CH3CO2Li, which may be formed during discharge from reactions
between high activity peroxide or superoxide radicals and carbon/binder. To further
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understand the whole process of the CNTs@MnO hybrid reaction mechanism, the exsitu XRD was used to determine the phases of reaction products in the cathode
electrode at different discharge/charge states shown in Fig. 5.8. The original pattern
for the as-prepared cathode electrode CNTs@MnO coated onto glass fiber separator
(GFS) exhibits several obvious peaks corresponding to MnO phase. Compared with
the original electrode, there is clear evidence of the presence of crystalline Li2O2 at
the end of the first full discharge, which indicates that a large amount of discharge
product has been deposited on the cathode electrode. In the end of charging, the Li2O2
cannot be detected, which is consistent with the results obtained by other groups,
indicating the highly reversibility of Li2O2 during cycling (226, 227). Meanwhile,
XRD patterns show that MnO peaks has no big change after charge and discharge,
indicating the stability of MnO as electrocatalyst, which is consistent with the results
in Fig. 5.9. MnO and MnOx take reaction with lithium ion in different degree to test
the catalyst stability in the working voltage window. In Fig. 5.9, MnO only devote
less than 10 mAh g-1 specific capacity, much less that MnOx (>170 mAh g-1) during
the voltage window between 2.0-3.5 V. Therefore, the conclusion we get from the
XRD results is that the main reaction products Li2O2 can be decomposed and MnO
electrocatalyst

maintains

highly

stable

discharge/charge process.
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catalyst

function

over

the

whole

Figure 5.8 XRD patterns for different charge and discharge states of the CNTs@MnO
composite coating on the glass fibre separator (GFS) (224).

Figure 5.9 Discharge curves of CNTs@MnO and CNTs@MnOx composite using lithium
foil as anode (224).

The morphologies of the cathodes and a schematic diagram showing the different
discharge/charge states are shown in Fig. 5.10. In the discharge process, the reaction
produces Li2O2 nanocrystals deposited on the cathode electrode, which can be
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confirmed by the corresponding scanning electron microscope (SEM) images in (i, ii).
In the charge process, Li2O2 deposits are decomposed because of the role of
electrocatalyst MnO, which indicates the lower charge potential platform, resulting in
the disappearance of the obvious aggregate in the corresponding image (iii and iv),
which is in agreement with the XRD results. The schematic diagram summarizes the
whole process of discharge and charge. Note that in the whole ORR and OER
processes in the cell, the reaction is much more complicated among the three phases,
because any tiny factors may influence the performance. Nevertheless, MnO
electrocatalyst coating on CNTs builds an efficient composite. It has a high energy in
the lithium oxygen batteries because of the abundant deposition and positions of
reaction products.
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Figure 5.10 SEM images at different charge and discharge states of the CNTs@MnO
composite at the current density of 0.4 mA cm-2 (i-iv); and a schematic diagram of the
whole process of discharge and charge (b) (224).

5.4 Summary

CNTs@MnO electrocatalyst was obtained by annealing the intermediate product
CNTs@MnOx at 500 °C for 6 h in a reducing H2/Ar atmosphere. The annealed
product shows favourable rechargeability and good stability, along with an
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electronically conductive network, in lithium oxygen cells. MnO nanoparticles coated
on the walls of CNTs play a key electrocatalyst role in the ORR and OER reactions
and influence the reaction product deposition and decomposition by the results of the
hydrodynamic techniques. CNTs@MnO composite shows excellent discharge/charge
performance in lithium oxygen cells, delivering 6360/5510, 5916/4974, 4137/3905,
and 2527/2293 mAh g-1(composite) at 0.1, 0.2, 0.4, and 0.6 mA cm-2 current densities,
respectively, in the fully-discharged stage. Furthermore, the CNTs@MnO composite
also shows excellent discharge/charge and cycling performance at 0.4 mA cm-2
current density with limited specific capacity of 1000 mAh g-1(composite), with a higher
ORR potential as well as a lower OER potential than the other electrodes, and the
voltage obtained at the discharge terminal is higher than 2.4 V for 100 cycles.
Therefore, CNTs@MnO composite is promising for use as a cathode electrocatalyst
material for lithium oxygen batteries.
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Chapter 6

B4C Nanowires and Carbon

Nanotubes Composite as a Novel
Bifunctional Electrocatalyst for High Energy
Lithium Oxygen Batteries

6.1 Introduction

Boron carbide (B4C), a lightweight refractory semiconductor, is the third hardest
material known to man at room temperature. It has many unique properties, such as
high resistance to chemical attack, high thermal stability, low density (2.5 g cm-3), a
small thermal expansion coefficient (5.73 × 10-6 K-1), a high melting point (> 2400
o

C), a high Seebeck coefficient, and a large neutron absorption cross-section (228-

233). To synthesize B4C, a carbon source is essential, such as carbon black (234, 235),
carbon nanotubes (236, 237), an organic carbon source (238), or activated carbon
(239). Meanwhile, the application of carbon nanotubes (CNTs) in electrically
conductive materials has attracted intense research interest because of their
extraordinary thermal and mechanical stability, as well as the high electronic
conductivity of CNTs (223). To our best knowledge, there is no report using CNTs
and B4C composite for Li-O2 batteries.
Herein, B4C nanowires was synthesized using excess carbon nanotubes as the
template and carbon source to react with boron powder to synthesize B4C nanowires
and carbon nanotubes composite, which can be used as a novel high efficient
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electrocatalyst in lithium oxygen batteries. In this composite, a carbon nanotube based
network is used as a highly electronically conductive electrocatalyst support, and the
stable B4C nanowires act as a bifunctionalelectrocatalyst for both the ORR and the
OER. The composite electrode exhibits excellent rechargeability and high round-trip
efficiency as the air electrode in lithium oxygen batteries.

6.2 Experimental

Firstly, 25 mg Ni(NO3)2 · 6H2O and 10 mg amorphous boron nanopowder were
dissolved into 20 ml ethanol to form a Ni–B emulsion under 2 h ultrasonication. Then,
60 mg CNTs was mixed into the above solution. After stirring for 2 h, the solution
was dried at 70 °C under stirring and finally dried at 105 °C for 3 h. The BC
composite was synthesized in a tube furnace (diameter: 55 mm, length: 1200 mm) by
heating at 1200 °C for 6 h with 50 ml min-1 continuous flow of nitrogen.
The phase purity and the structure were analysed by X-ray powder diffraction (GBC
MMA) on an instrument equipped with Cu Kα radiation that was operated over a 2θ
range of 10 – 70° in a continuous scan mode with a scan rate of 2° min-1. The
morphology of the samples was examined using field emission scanning electron
microscopy (FE-SEM; JEOL JSM-7500). Transmission electron microscopy (TEM)
investigations were performed using a 200 kV JEOL 2011 instrument. Atomic
resolution analytical microscope (ARM) investigations were performed using a 200
kV JEOL 2011 instrument. Raman spectroscopy was performed using a Raman
spectrometer (JobinYvon HR800) employing a 10 mW neon laser at 632.8 nm.
Electrochemical experiments were performed using CR2032 type coin cells with
holes in the cathode shell. For preparing working electrodes, a mixture of the as113

synthesized hybrid materials and poly(tetrafluoroethylene) (PTFE) at a weight ratio of
90:10, using Nafion (5wt.%) as the solvent, was pasted on the round carbon paper.
Typical loadings of cathode powder for a cathode area of 1.1 cm2 were ～1.5 – 2.0
mg cm–2. The electrolyte consisted of a solution of LiCF3SO3 in tetraethylene glycol
dimethyl ether (TEGDME) (molar ratio = 1:4). Pure lithium foil was used as the
counter electrode. The cells were assembled in an argon-filled glove box (Mbraun,
Unilab, Germany). Galvanostatic deep, full charge-discharge curves were collected at
various current densities from 0.2 to 0.5 mA cm-2 between 4.4 and 2.5 V vs. Li+/Li,
and discharge-charge cycling was tested with 1000, 2000 and 3000 mAh g-1 cut-off
discharge capacity, followed by charging to 4.5 V vs. Li+/Li. All tests were carried out
on LAND CT 2001A multi-channel battery testers at room temperature in oxygen
atmosphere using our specially designed facility. Measurements were repeated at least
three times to ensure reliability.
The aqueous electrochemical tests involving the RDE were carried out using
computer-controlled potentiostats (Princeton 2273 and 616 Princeton Applied
Research) with a typical three-electrode cell. Platinum foil was used as the counterelectrode and an Ag/AgCl (saturated KCl filled) electrode as the reference electrode.
The working electrodes were prepared by applying the respective catalyst inks onto
pre-polished glassy carbon (GC) disk electrodes. Briefly, 5 mg of sample and 100 µL
5wt.% Nafion solution were dispersed in 1 mL water/isopropanol (3/1; v/v) solution
and ultrasonicated for 30 min to form the uniform catalyst ink (～5 mg mL-1). A total
of 4.5 µL well-dispersed catalyst ink was applied onto a pre-polished glassy carbon
(GC) disk electrode (5 mm in diameter). The electrodes thus prepared were dried at
room temperature overnight prior to the electrochemical tests.
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6.3 Results and discussion

6.3.1 Structure and morphologies

B4C nanowires and CNTs composite (sampled as BC in following) was characterized
by the associated X-ray diffraction (XRD) and associated Raman spectroscopy, as
shown in Fig. 6.1 (a) and Fig. 6.2 (a). In Fig. 6.1(a), aside from the peak of the CNTs
at 26° and 44°, two peaks (marked with asterisks) at 2θ around 34.9° and 37.6° are
observed in the final product, which correspond to the (21-31) and (11-2-1) crystalline
planes of B4C with a Norbide phase (JCSPDF: 35-0798). Meanwhile, the Raman
spectrum of B4C nanowire is in good agreement with a previous report (240).
Compared with pure B4C nanowire and CNTs, Raman bands below 1200 cm−1 in the
BC composite are detected, which can be assigned to the characteristic bonds of B4C
(241, 242). The field emission scanning electron microscope (FESEM) images in Fig.
6.2 (b, c, d) also show large amounts of B4C nanowire growing from the CNT
aggregation with a diameter ranging from 40 to 100 nm and a length longer than 2 µm.
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Figure 6.1 a) X-ray diffraction pattern of BC composite; b) High resolution STEM
image of the B4C in the BC composite and EDS mapping for C, B, and Ni
elements(marked green square frame for EDS scan area; marked yellow square frame
for(c)); c) STEM image of a B4C nanowire in the BC composite (inset: corresponding
FFT pattern; marked yellow square frame for(d)); d) STEM image of small area on
the wall of B4C nanowire, with the inset showing the corresponding FFT pattern; e)
(left) schematic diagram of the B4C nanowire formation mechanism (light green
cylinders: CNTs, red balls: nickel catalyst, yellow balls: boron gas, blue cylinders:
B4C); the diagrams of the B4C crystal structure on the right of (e) and inset of (d)
come from VESTA software (238) (243).
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Figure 6.2 (a) Raman spectra of the pure B4C, CN, and BC composite; (b, c, d)
FESEM images of the BC composite (243);
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Figure 6.3 FESEM image of the reference composite grown without using Ni catalyst
(243).

An atomic resolution analytical microscope (ARM) was used for scanning
transmission electron microscopy (STEM) and elemental mapping analysis of B4C
nanowires in the composite, as shown in Fig. 6.1(b, c, d). Energy dispersive X-ray
spectroscopy (EDS) from the ARM, with results shown in the inset in Fig. 6.1(b),
reveals that the B and C elements display a uniform distribution and that the catalyst
particle on or inside the nanowire tip is nickel. The STEM results also indicate typical
crystal B4C nanowires with a strongly crystalline texture grown from the CNTs
aggregate. In Fig. 6.1(c), the structure of the crystal planes and the corresponding fast
Fourier transform (FFT) of the individual nanowire [inset in Fig. 6.1(c)] exhibit a
well-developed hexagonal single crystal with (11-20) and (-1-120) planes (239, 244).
A highly resolved small area was also characterized by STEM together with FFT on
the wall of the nanowire in Fig. 6.1 (d). It can also be clearly demonstrated that the
molecular packing along the relevant directions can be accurately determined at the
atomic level. Meanwhile, the conclusion was obviously obtained from STEM that the
nanowire growth direction is [-1-120] direction which crosses the (11-20) crystalline
plane at an angle of ~30o. The growth direction was also observed by Dai (244). In
order to study the mechanism of B4C nanowire formation in a catalytic synthesis
process, we also performed a comparative experiment without using Ni (Fig. 6.3), and
in this case, no B4C nanowires were grown from the CNTs aggregation. Together
with the EDS image (Fig. 6.1(b)) and the scanning electron microscope (SEM) image
in Fig. 6.2(d), the conclusion can be drawn that the nickel catalyst particles on or
inside the tip of each nanowire were spherical with a diameter distribution of 50 to
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500 nm and that they played a catalytic role in growing such B4C nanowires. To
further verify the growth process, we carried out further tests by changing the
annealing temperature and time. In Fig. 6.4 (a, b), there are no B4C nanowires formed
when the temperature is lower than 1000 oC. When the temperature was increased to
1200 oC and maintained for 1 h, fewer and shorter B4C nanowires were generated (Fig.
6.4(c)), and were twisted and turned in random directions. The B4C nanowires were
further grown and crystallized into a final structure by increasing time. Based on the
results described and discussed above, the catalytic vapour-liquid-solid tip growth
mechanism reported in previous research can explain the formation of the long single
crystal B4C nanowires, which can be schematically illustrated in Fig. 6.1(e) (245-248).
In the initial stage, Ni salts were coated on the CNT surfaces or both ends, and the Ni
was then deposited there. The deposited Ni provides catalytically active sites,
absorbing boron vapor from the original solid boron raw material to form small Ni–
B–C eutectic liquid droplets. When these droplets were oversaturated with boron and
carbon, B4C would start to nucleate and then grow from the droplets. After initial
template formation, gaseous boron would continue to dissolve in the catalyst droplets,
sustaining the B4C growth. This explains the formation of the long single crystal B4C
Nanowires.
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Figure 6.4 FESEM images of the composite with different annealing temperatures
and times (243).

6.3.2 Catalytic and electrochemical characterization

The RDE technique was used to investigate the ORR activities of three samples in O2saturated 0.1 M KOH electrolyte at a scan rate of 10 mV s−1, including high-quality
commercial Pt/C (20 wt% Pt on Vulcan XC-72), CNTs/Ni composite (sampled as CN
in following), and BC composites. As shown in the RDE curves in Fig. 6.5(a) and Fig.
6.6, compared with CN composite and commercial Pt/C, BC composite showed an
enhanced ORR performance with positive onset potential and large current density,
which correspond to excellent ORR catalyst activity. Furthermore, RDE curves of
Pt/C, CN composite, and BC composites at various rotation speeds were measured to
determine their ORR kinetic performance. The corresponding Koutecky-Levich (K–L)
plots (J−1 vs. ω−1/2) at various electrode potentials exhibited good linearity (Fig. 6.6).
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The linearity and parallelism of the K–L plots suggest first-order reaction kinetics
toward the concentration of dissolved oxygen and similar electron transfer numbers
for the ORR at different potentials. The BC composite favours a nearly 4 electron
oxygen reduction reaction process, similar to the ORR catalysed by a high-quality
commercial Pt/C catalyst (n = 4.0), but more than that of CN composite (3.2 - 3.5).
Owing to the steep gradient (or Tafel slope) of the polarization curves during ORR,
the ORR kinetics of BC composite is definitely superior to that of CN composite. BC
composite shows the excellent similar ORR kinetic Tafel slope (~ 63 mV dec-1) as the
high-quality commercial Pt/C catalyst (~59 mV dec-1). Moreover, the OER activities
of the electrocatalyst are shown in Fig. 6.5 (c). The BC composite also shows much
more excellent catalytic activity towards the OER than high-quality commercial Pt/C
and CNTs@Ni. In corresponding comparison OER kinetic current as shown in Fig.
6.5(d), the slopes of the curves indicates different kinetic OER activities. Excellent
OER activity of the BC composite was also found from the smaller Tafel slope of 70
mV dec-1 than that measured with Pt/C (123 mV dec-1). Therefore, BC composite can
act as a bifunctional catalyst, which shows excellent catalytic activity with smaller
over-potential for both the ORR and OER than high-quality commercial Pt/C.
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Figure 6.5 (a) Comparison of RDE curves of commercial Pt/C (20 wt% Pt on Vulcan
XC-72), CN and BC composite in O2-saturated 0.1 M KOH solution with 900 rpm
rotation speed and a sweep rate of 10 mV s−1; (b) Tafel plots showing the kinetic
current density of commercial Pt/C, CN and BC composite as a function of potential,
based on data from (a); (c) Oxygen evolution reaction currents of commercial Pt/C,
CN and BC composite in O2-saturated 0.1 M KOH solution with 900 rpm rotation
speed and a sweep rate of 10 mV s−1; (d) Tafel plots showing the kinetic current
density of commercial Pt/C, CN and BC composite as a function of potential, based
on data from (c) (243).
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Figure 6.6 RDE curves of commercial Pt/C (20 wt% Pt on Vulcan XC-72)(a), CN
composite (b), BC composite in O2-saturated 0.1 M KOH solution with various
rotation speeds with a sweep rate of 10 mV s−1; K–L plots (J−1 versus ω−1/2) at
different potentials are shown in the insets (243).

The electrochemical properties of samples were then examined in a lithium oxygen
cell without adding conductive carbon black. The specific capacities were calculated
based on the total composite mass in the air cathodes. The BC composite exhibits a
higher discharge voltage plateau and a lower charge potential that is vital for
electrochemical energy storage devices, as well as delivering nearly 16000 mAh g-1 at
0.2 mA cm-2 current density (Fig. 6.7). Furthermore, the discharge voltage of BC
composite, 2.73 V, is higher than that of reported electrocatalysts (19, 91, 202, 203).
The BC composite also shows higher discharge/charge capacity of about 11000/10000
and 9300/8000 mAh g-1 at the different current densities of 0.4 and 0.6 mA cm-2,
respectively. This may result from the enormous density of sites for reaction product
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deposition provided by the porous CNTs’ aggregated structure and the high
electrocatalyst efficiency of BC composite. Following the recently widely used
capacity-limited cycling method (221). Fig. 6.8(a) shows a comparison of first
discharge/charge voltage profiles of the pure CNTs mixed with additional nickel (CN)
after the same annealing process and BC composite at the current density of 0.4 mA
cm-2. The discharge potential plateau of BC composite is 130 mV higher than that of
CN composite, and the charge potential plateau of BC composite is 720 mV lower
than that of CN composite, rendering a higher round-trip efficiency of 76 %. The
higher round-trip efficiency could be largely attributed to the high efficiency
electrocatalyst role of B4C during the reaction. BC composite not only shows a higher
ORR potential and lower OER potential [Fig. 6.9], but also presents excellent cycling
performance. In Fig. 6.8(b), the BC composite shows a stable cycling performance,
and the voltage obtained at the discharge terminal is higher than 2.2 V for 120 cycles
when the cut-off capacity is 1000 mAh g-1. Meanwhile, with the cut-off capacity
increased to 2000 and 3000 mAh g-1, as shown in [Fig. 6.9(b-e)], the BC composite
also exhibits stable cycling performance, and the voltage obtained at the discharge
terminal is higher than 2.2 V for 49 and 20 cycles, respectively. Therefore, the BC
composite exhibits excellent electrochemical performance towards both the formation
and the decomposition of discharge products (Li2O2), which might be attributed to
substantial reaction sites for the reaction and deposition of nanocrystalline products
originating from the macroporous electrode structure, while the high round-trip and
cycling performance result from the efficient synergistic effect of the high
electrocatalyst reactions toward the ORR and OER processes from B4C, which are
vital for electrochemical energy storage devices.
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Figure 6.7 Discharge/charge curves of BC composite at different current densities
(243).

Figure 6.8.a) Comparison of first discharge/charge voltage profiles of CN and BC
composite at 0.4 mA cm-2 with a fixed capacity of 1000 mAh g-1; b) cycling
performance at 0.4 mA cm-2 with a fixed capacity of 1000 mAh g-1; (243).
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Figure 6.9 (a) Discharge/charge curves for selected cycles of the BC composite at 0.4
mA cm-2 with a fixed capacity of 1000 mAh g-1; (b) Discharge/charge curves for
selected cycles of the BC composite, and (c) the cycling performance at 0.4 mA cm-2
with a fixed capacity of 2000 mAh g-1; (d) Discharge/charge curves of the BC
composite, and (e) the cycling performance at 0.4 mA cm-2 with a fixed capacity of
3000 mAh g-1. (243).

To further elucidate the BC composite reaction mechanism, the phases and
morphologies of reaction products at discharge and recharge stages are shown in Fig.
6.10. According to the XRD results, there is a clear evidence of crystalline Li2O2
formation at the end of discharge. When recharging follows, the discharge product on
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the electrode, Li2O2, cannot be detected by XRD in Fig. 6.10(a). This is consistent
with the results obtained by other groups (22, 86, 88, 214, 249-253). Therefore, the
BC composite shows excellent rechargeability performance during discharge/charge
cycling. Meanwhile, understanding the nucleation process of different morphologies
of Li2O2 and clearly related influential factors could provide valuable insight into the
mechanism of the reaction as well as into the design of a proper catalyst and electrode
structure for practical devices. So, the corresponding morphologies of the reaction
product after the first full discharge, crystalline Li2O2, were observed using FESEM.
In the discharge process, a large amount of dendritic Li2O2 nanorod in the range of 50
nm is regularly deposited on the cathode, the great majority of which nucleates on the
walls of the B4C nanowire. Compared with previous research on the deposition
morphology of the reaction product Li2O2 (71, 254), in which very large toroid-like
particles up to 1 µm in size are formed in the ORR process. It is clear that the
different morphology of electrocatalysts can also influence the morphology of the
Li2O2 reaction product. Consequently, the morphology and size of the reaction
products may result in different electrochemical performance. In the following charge
process, reaction products, mainly Li2O2, were decomposed, and the B4C nanowires
appear again in the corresponding image in Fig. 6.10(c), which is also in agreement
with the XRD results.
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Figure 6.10 a) XRD patterns and b, c) FESEM images of the composite after 1st full
discharge and after 1st cycle. (243).

6.4 Summary

In summary, B4Cnanowire was synthesized by a simple reaction between CNTs and
boron nanopowders using nickel as the catalyst at high temperature. As-prepared BC
composite was used as cathode material in lithium oxygen battery. B4C nanowires can
act as an efficient bifunctionalelectrocatalyst and promote the formation of dendritic
type of Li2O2. The electrochemical results on the BC composite show nearly 16000
mAh g-1 capacity above 2.5 V at 0.2 mA cm-2 current density and a 2.73 V discharge
voltage plateau. Excellent cycling performance is also demonstrated, in which the
terminal voltage is higher than 2.2 V after 120 cycles at 0.4 mA cm-2, with 1000 mAh
g-1 capacity limitation. All of the good performance is attributed to the excellent
catalytic performance of the enormous B4C nanowires towards the ORR and OER
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reactions in the composite. Therefore, this BC composite is a promising bifunctional
electrocatalyst for lithium oxygen batteries, with high energy density, favorable
rechargeability, and high round-trip performance.
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Chapter 7

A Metal-free, Free-standing,

Macroporous Graphene@g-C3N4 Composite
Air Electrode for High Energy Lithium
Oxygen Batteries

7.1 Introduction

Graphitic-carbon nitride, referred to as g-C3N4, can be synthesized from a simple
precursor via a series of polycondensation reactions without any metal involvement. It
has attracted a great deal of attention and has been widely applied in the direct
methanol fuel cell, as well as in catalysis, photocatalysis, and CO2 capture (255-258).
Because of its high nitrogen content and facile synthesis procedure, g-C3N4 may
provide more active reaction sites than other N-doped carbon materials, making it
suitable to serve as a feasible metal-free oxygen reduction reaction (ORR)
electrocatalyst (259-262). Zheng et al. (260), using first-principles calculations,
reported, however, that the major barrier to ORR catalytic activity on g-C3N4 is the
limited electron transfer capability. Because graphene is a very good conductive
material, it is also easy to obtain a 3-dimensional (3D) macroporous graphene
structure with relatively good electrochemical performance in Li-O2 batteries (66).
Here, we report for the first time a free-standing, binder-free air electrode using
metal-free g-C3N4 nanosheets decorated on a graphene macroporous structure to
promote the electron transfer capability. In this composite, the macroporous structured
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graphene framework is used as an electrocatalyst support with high electronic
conductivity. The g-C3N4 nanosheets were successfully integrated into a composite to
catalyze the chemical reaction with high energy. The composite exhibits excellent
rechargeability and high round-trip efficiency in the air electrode of lithium oxygen
batteries.

7.2 Experimental

7.2.1 Material synthesis

Graphene oxide synthesis: Graphene oxide (GO) was synthesized from graphite
(Aldrich, powder, < 20 nm, synthetic) by the Hummers method, the details of which
have been described elsewhere (263).

g-C3N4 synthesis: 5 g dicyanamide was sealed in a covered crucible and heated at a
temperature of 550 oC for 4 h (ramp rate: 2.0 oC min-1). The obtained yellow bulk gC3N4 (2 g) was ground into a fine powder and further dispersed into deionized (DI)water (50 ml) via high energy sonication for 18 h to form g-C3N4 nanosheets. Finally,
the resultant solution was collected and aged in air for 3 weeks to obtain the g-C3N4
aqueous solution.

Graphene@ g-C3N4 composite synthesis: A mixed solution of the obtained graphene
oxide (2 mg ml-1, 50 ml) and g-C3N4 solutions (0.5 mg ml-1, 30 ml), together with 2
ml hydrazine hydrate, was stirred for 1 min. Afterwards, this solution was transferred
into a stainless steel autoclave (interior volume 100 ml) and then reacted at 180 oC for
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20 h. After reaction, the resultant graphene-based porous hydrogel was collected
carefully and then directly dehydrated via a freeze-drying process overnight to obtain
the macroporous graphene@g-C3N4 composite (G@CN). As a reference, a pure
graphene macroporous structure was also obtained using the same procedure.

Characterization: The phase purity and the structure were analyzed by X-ray powder
diffraction (XRD; GBC MMA) on an instrument equipped with Cu Kα radiation that
was operated over a 2θ range of 10–80° in a continuous scan mode with a scan rate of
2° min-1. The particle size and morphology of the samples were examined using field
emission scanning electron microscopy (FE-SEM; JEOL JSM-7500). Transmission
electron microscopy (TEM) investigations were performed using a 200 kV JEOL
2011 instrument. Raman spectroscopy was performed using a Raman spectrometer
(Jobin Yvon HR800) employing a 10 mW neon laser at 632.8 nm. FT-IR spectra were
collected using a FTIR Prestige-21 (Shimadzu). X-ray photoelectron spectroscopy
(XPS) experiments were carried out on a VG Scientific ESCALAB 2201XL
instrument using aluminum Kα X-ray radiation. XPS spectral analysis was conducted
using XPS Peak-fit software. The surface area was determined using a BrunauerEmmett-Teller (BET) Nava 1000 instrument.

Air electrode preparation: the porous graphene and G@CN were tested as in the
schematic diagram. In the case of the g-C3N4 powder, a piece of gas diffusion layer
was placed on a hotplate (100 oC), and the obtained g-C3N4 ethanol dispersed solution
was coated on the surface of the gas diffusion layer with a brush, layer by layer. Then,
the whole electrode was dried at 140 oC in a vacuum oven overnight.
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Electrochemical measurements: Electrochemical experiments were performed using
CR2032 type coin cells with holes in the cathode shell. The macroporous cathode,
with a size of 1.1 cm2, had a density of ～2 mg cm–2. The electrolyte consisted of a
solution of 1 M LiCF3SO3 in tetraethylene glycol dimethyl ether (TEGDME). Pure
lithium foil was used as the counter electrode. The cells were assembled in an argonfilled glove-box (Mbraun, Unilab, Germany). Galvanostatic deep, full chargedischarge curves were collected at various current densities from 0.2 to 0.6 mA cm-2
between 4.5 and 2.5 V vs. Li+/Li, and discharge-charge cycling was conducted with
1000 mAh g-1 cut-off on the discharge capacity and then charging to 4.5 V vs. Li+/Li.
All tests were carried out on LAND CT 2001A multi-channel battery testers at room
temperature in oxygen atmosphere, using our specially designed facility.
Measurements were repeated at least three times to ensure reliability. The DC
electrical conductivities of the as prepared graphene and the G@CN composite were
measured using a four point probe method, as were the voltage responses as a
function of current. The conductivity was calculated using the following equation,
where t is the thickness in cm.
Conductivity (σ) = 1/ρ = 1/(πt/ln 2(V/I)) = 1/(4.53 × t × resistance)

(7.1)

The non-aqueous electrochemical tests involved the rotating ring-disk electrode
(RRDE) and CV, which were carried out using computer-controlled potentiostats
(Princeton 2273 and 636 Princeton Applied Research, Arbin BT2000) in a threeelectrode system. 1 M LiCF3SO3 in TEGDME was used as electrolyte. The counterelectrode and the reference electrode both were lithium foil covered by nickel foam.
The counter and the reference electrodes were sealed in a multi-neck vial inside of an
argon filled glove box. The working electrodes were prepared according to the
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electrode preparation section above. A total of 5.5 µL of a well-dispersed catalyst ink
was applied onto a pre-polished glassy carbon (GC) disk electrode (5.61 mm in
diameter). Then, the electrodes were dried at room temperature overnight prior to the
electrochemical tests. The sealed vial was installed on the test system and purged with
bubbling argon. In the meantime, the working electrode was immersed in the
electrolyte for 20 minutes prior to each cyclic voltammetry experiment. CVs were
obtained between 1.5 V and 4.5 V at a scan rate of 20 mV s-1 at 900 rpm rotation
speed in Ar. Then, the cell was purged with O2 for 20 min. Similar CVs were obtained
in O2-saturated electrolyte at 20 mV s-1 at 900 rpm rotation speed. The above
procedure was repeated for each sample. LSV were collected between 1.5 – 3.2 V
with a scan rate of 5 mV s-1 at 900 rpm in O2-saturated electrolyte, with the ring held
at 3.5 V.

7.3 Results and Discussion

7.3.1 Physicochemical characterization

The general process and morphology for the metal-free graphene@g-C3N4 (G@CN)
composite with a macroporous free-standing structure is illustrated in Fig. 7.1.
Typically, the G@CN composite is obtained from the self-assembly of graphene [Fig.
7.1(a)] and g-C3N4 nanosheets [Fig. 7.1(b)] via the hydrothermal method. The highresolution transmission electron microscope (HRTEM) images in Fig. 7.1(a, b) and
Fig. 7.2 show that the as-prepared graphene and g-C3N4 nanosheets have a similar
laminar structured morphology, resembling silk veiling. The self-assembled G@CN
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composite [Fig. 7.1(c)] was freeze-dried overnight to maintain the macroporous
structure. Finally, the macroporous G@CN composite [Fig. 7.1(d)] was cut into thin
rectangles and directly used as a binder-free, free-standing electrode [Fig. 7.1(e)]. The
field emission scanning electron microscope (FESEM) image in Fig. 7.1(f)
demonstrates that the G@CN free-standing electrode has a macroporous structure,
and the surface area is up to 430 m2 g-1, in which the g-C3N4 nanosheets and graphene
form a three-dimensional electrically conductive network. Meanwhile, the surface
area is up to 435 m2 g-1 for the pure graphene microporous electrode, which is nearly
the same because they both have the same porous structure. The HRTEM image in
Fig. 7.1(g) of the G@CN composite electrode also shows a uniform nanosheet
structure without obvious aggregation. Energy dispersive X-ray spectroscopy (EDS)
with atomic resolution microscopy (ARM) was used to confirm the even distribution
of C and N in a highly resolved small area of 25 nm (Fig. 7.3). The ratio of C to N
from the EDS results [Fig. 7.4(a)] is about 3:1, which also indicates the content of gC3N4 nanosheets in the composite, as do the thermogravimetric analysis (TGA) results
[Fig. 7.4(b)].
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Figure 7.1 Schematic flow-process diagram of the fabrication of the G@CN composite:
HRTEM image of graphene nanosheets (graphene oxide (GO) solution as inset) (a);
HRTEM image of g-C3N4 (g-C3N4 solution as inset) (b); photographs of hydrogel of
G@CN composite (c) and macroporous structure of the electrode (d, e); FESEM image
showing the macroporous structure of the electrode (f); HRTEM image of the G@CN
composite (g) (171).
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Figure 7.2 HRTEM images of graphene nanosheets (a, b) and g-C3N4 nanosheets (c, d)
(171).

Figure 7.3.FESEM images (a, b) of the free-standing macroporous air electrode; HRTEM
(c, d) images of G@CN composite; EDS results for G@CN composite with ARM (e-i).
The inset to (e) shows the area used for EDS element mapping in (f) and (g) (171).
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Figure 7.4 (a) C to N ratio results from the EDS spectrum with ARM of the G@CN
composite; (b) TGA results for the G@CN composite (171).

The as-prepared materials were characterized by X-ray diffraction (XRD), and
Fourier transform infrared (FT-IR) and Raman spectroscopy (Fig. 7.5). The XRD
pattern of bulk g-C3N4 shows a strong characteristic (002) peak at 27.81o, which is a
characteristic interlayer stacking reflection of a conjugated aromatic system, with a
stacking distance of 0.320 nm [Fig. 7.5(a)] (264). After exfoliation with high energy
sonication, the intensity and the peak position of the (002) peak of g-C3N4
significantly decrease, and the peak position is slightly shifted to the left at 27.68o,
indicating a stacking distance of 0.322 nm, which is characteristic of the formation
and exfoliation of nanosheets (264-266). The FT-IR results show that the exfoliated
nanosheets have the same characteristic peaks as bulk g-C3N4, with broad peaks
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between 3000 and 3500 cm-1 for the N-H stretching vibrations, a band at 2150 cm-1
for cyano terminal groups with C≡N, and peaks between 900 and 1700 cm-1 for striazine derivatives [Fig. 7.4(b)] (260, 265, 266). These results indicate that the
exfoliated nanosheets maintain the same chemical structure as their parent bulk gC3N4. The XRD pattern of the G@CN composite electrode shows two similar broad
peaks for graphene at ~27o and ~43o due to the low XRD intensity of the g-C3N4
nanosheets and peak overlapping [Fig. 7.5(a)]. While the g-C3N4/rGO composite
reported by Qu et al (267) shows special peaks for the g-C3N4 structure, that is why
the weight ratio of C3N4/graphene is 20/1, much higher than the 0.15 wt % in our
work. Meanwhile,the Raman spectrum also shows no obvious signal for g-C3N4 in the
G@CN because of the intrinsic low level of detection.

Figure 7.5 (a) XRD patterns for bulk g-C3N4 powder, g-C3N4 nanosheets, graphene, and
graphene@g-C3N4 composite; (b) FT-IR spectra for bulk g-C3N4 powder and g-C3N4
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nanosheets; (c) Raman spectra of g-C3N4 nanosheets, graphene, and G@CN composite
(171).

X-ray photoelectron spectroscopy (XPS) was further used to gain insight into the
chemical bonding between the carbon and nitrogen atoms in graphene, g-C3N4, and
G@CN, as shown in Fig. 7.6. The C 1s peak of the original graphene can be
deconvoluted into three components. The most intense peak at 284.8 eV is assigned to
C=C/C-C, which, together with the components at 286.4 eV and 289.3 eV that
correspond to C=O and O-C=O, respectively, is a signature of graphene obtained via
the hydrothermal method (221, 268). There is no obvious signal corresponding to N.
In the case of the g-C3N4, the C 1s peak can be deconvoluted into two peaks centered
at 284.6 and 287.6 eV, corresponding to the C-N-C, and the C-C and C-(N)3 bonds,
respectively. Meanwhile, the high resolution N 1s spectrum can be also deconvoluted
into three different peaks with binding energies of 397.1, 398.8, and 404.1 eV,
respectively, which are attributed to sp2 N atoms involved in triazine rings and
bridging N atoms in N-(C)3 (259-262, 265, 266). The C 1s peak of G@CN composite
can also be deconvoluted into four different components. The peaks at 284.8 and
287.6 eV are assigned to the combined signals of C-N-C, C-C, and C-(N)3 bonds,
which come from both graphene and g-C3N4, together with the components at 286.4
and 289.3 eV that come from graphene. The results are consistent with the N 1s signal
from G@CN composite, in which the corresponding signals of C-N-C, C-N=C, and
C-(N)3 bonds appear. Therefore, the G@CN composite with macroporous structure
has been successfully prepared.
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Figure 7.6 XPS results for graphene, g-C3N4, and G@CN composite (171).

7.3.2 Electrochemical properties

The electrochemical properties of the samples were then examined in a lithium
oxygen cell without using any additional conductive carbon black or binder. The
specific capacities were calculated based on the total composite mass in the cathodes.
Fig. 7.7(a) shows the discharge/charge performances of the g-C3N4 nanosheets,
macroporous graphene, and G@CN composite at a current density of 0.2 mA cm-2 in
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a deep, full discharge/charge between 2.0 and 4.5 V vs. Li/Li+. The pure g-C3N4
nanosheet electrode shows poor electrochemical performance because of the low
electronic conductivity of g-C3N4 [inset image in Figure 7.7(a)]. The DC electrical
conductivities of the as prepared graphene and the G@CN composite were also
measured using a four point probe method (Fig. 7.8), and electronic conductivities of
120 S cm−1 and 94.5 S cm−1 were obtained for the pristine graphene and the G@CN,
respectively. The macroporous structured graphene electrode exhibits an improved
discharge capacity, delivering nearly 13000 mAh g-1, with an average discharge
plateau of 2.35 V, which may be attributed to the enormous density of nucleation sites
for the reaction product in the macroporous electrode. This is consistent with Xiao et
al.’s results from “broken-egg” structured graphene, where the porous structure of the
electrode consists of microporous channels facilitating rapid O2 diffusion and
providing a high density of reactive sites (66). Compared with the graphene electrode,
the macroporous G@CN composite shows a much higher discharge capacity (>
17000 mAh g-1) and discharge plateau (2.67 V) than those of graphene, and also than
those in previously reported results (22, 66, 202, 269). Furthermore, the G@CN
composite also exhibits a high energy efficiency (71%, the ratio of integrated area
between the discharge and charge curves), which is vital for electrochemical energy
storage devices. At the current density of 0.4, 0.5, and 0.6 mA cm-2, the G@CN
composite electrode also exhibits excellent discharge/charge performances, about
7100/7000, 5100/5000, and 2800/2500 mAh g-1(composite), respectively [Fig. 7.9(b)].
Following the recently widely used capacity-limited cycling method (270), Fig. 7.7(b)
presents the discharge/charge behavior of graphene and G@CN composite at 0.4 mA
cm-2 current density with a fixed specific capacity of 1000 mAh g-1(composite).
Compared with pure graphene in the first cycle [Fig. 7.7(b)], the discharge potential
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plateau (ORR) of G@CN composite is 131.7 mV higher than that of pure graphene,
while the charge potential plateau (OER) of G@CN composite is 484.4 mV lower
than that of pure graphene (66, 91). Therefore, the G@CN composite exhibits high
round-trip performance, as well as higher discharge and lower charge potentials,
which are vital for electrochemical energy storage devices.

Figure 7.7 (a) Comparison of the full discharge-charge curves of the pure graphene,
g-C3N4 (inset), and G@CN composite at 0.2 mA cm-2. (b) Comparison of the first
discharge-charge curves of the pure graphene and the G@CN composite at 0.4 mA
cm-2, with a capacity limited to 1000 mAh g-1(composite). (171)

Figure 7.8 Plots of voltage response as a function of current for the measurement of the
DC electrical conductivity of graphene and G@CN (171).
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Figure 7.9 (a) First discharge/charge curve of background cell without catalyst; (b) first
discharge/charge curve of G@CN composite at different current densities from 2.5 - 4.5
V (171).

Compared with pure graphene, the G@CN composite shows stable cycling
performance, and the voltage obtained at the discharge and charge terminals is higher
than 2.4 V and lower than 4.4 V for 105 cycles, respectively (Fig. 7.10). The G@CN
composite exhibits excellent electrochemical performance in both the formation and
the decomposition of the discharge product, Li2O2, which might be attributed to the
substantial number of reaction sites for the reaction, leading to the deposition of
nanocrystalline products due to the macroporous electrode structure, as well as the
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efficient synergistic effect of the high rate electrocatalyst reactions in the ORR and
OER processes in the G@CN.

Figure 7.10 Comparison of the cycling performances of graphene and G@CN freestanding macroporous electrode (171).

To investigate the ORR and OER processes in non-aqueous electrolyte [1 M
LiCF3SO3 in tetraethylene glycol dimethyl ether (TEGDME)], steady-state CVs were
collected using a three electrode system under both argon saturated and oxygen
saturated conditions with a scan rate of 20 mV s-1 [Fig. 7.11(a)]. With argon saturated
electrolyte, G@CN composite shows no significant anodic or cathodic peak,
indicating that no corresponding chemical reactions can proceed in the whole process.
Compared with graphene and the g-C3N4 nanosheets, the G@CN composite shows
obvious ORR and OER currents and smaller over-potentials in O2-saturated
electrolyte, which indicate that G@CN features bifunctional catalyst performance in
the anodic and cathodic scan processes. To investigate the formation of the reaction
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products, LSV were collected between 1.5 – 3.2 V with a scan rate of 5 mV s-1 at 900
rpm in O2-saturated electrolyte, with the ring held at 3.5 V, as shown in Figure
7.11(b). In this technique, the intermediate or final products, O- or O2-, that were
generated at the disk electrode could be accurately determined (271, 272). G@CN
also showed a clearly enhanced reduction trend with positive onset potential and large
current density for both disk and ring electrodes, comparable to those for graphene
and g-C3N4 nanosheets, indicating a high percentage of intermediate or final products.

Figure. 7.11 (a) CV curves acquired at 20 mV s-1 in O2 or Ar saturated 1M LiCF3SO3
in TEGDME with 900 rpm rotation speed. (b) Rotating ring disk electrode (RRDE)
results for the LSV between 1.5-3.2 V in O2 saturated 1 M LiCF3SO3 in TEGDME,
acquired at 5 mV s-1 with 900 rpm rotation speed (171).

To further understand the G@CN composite reaction mechanism over the whole
process, the XRD patterns of the reaction products at different discharge/charge stages
and the morphologies of the macroporous cathodes are shown in Fig.7.12. The
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cathode before charge and discharge shows a broad peak located at 26o [Fig. 7.12(a)].
Compared with the pristine electrode, there is clear evidence of crystalline Li2O2
formation at the end of discharge. The band at 800 cm−1 in the Raman spectrum of the
electrode after the discharge [inset image in Fig. 7.12(c)] is attributed to O – O
stretching vibrations of lithium peroxide, further confirming the presence of lithium
peroxide (173, 270). A large number of Li2O2 particles with particle sizes less than
100 nm can be observed inside the macroporous cathode [Fig 7.12(c) and Fig.7.13].
The thickness of the macropore walls can be roughly calculated from SEM images of
the electrode before [Fig. 7.12(b)] and after initial discharge [Fig. 7.12(c)]. The
thickness was increased from 70 nm to 250 nm, and the average diameter of the pores
was also decreased from 3 µm (Fig. 7.12 (a)) to 2.3 µm (Fig. 7.13(a)). Therefore, we
can roughly calculate that the thickness of Li2O2 is in the range of 150-300 nm. In the
following charging, the discharge products on the electrode, consisting of Li2O2,
became barely visible and could not be detected, which is consistent with the results
obtained by other groups (22, 214, 269). After the 50th charge, the XRD peaks were
no different from those after the 1st charge, indicating the excellent cycling stability of
the G@CN composite as air electrode for Li air batteries. These results indicate that
g-C3N4 nanosheets decorated on the macroporous graphene framework can play a key
electrocatalyst role in the ORR and OER reactions and influence the reaction product
formation.
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Figure 7.12 (a) XRD patterns of the macroporous cathode collected at different
reaction steps; (b, c) SEM images of the cathode before discharge (b) and at the end
of discharge (c) at the current density of 0.4 mA cm-2; inset of (c): Raman spectrum of
the discharged electrode (171).

Figure 7.13 SEM images of the cathode at the end of discharge at the current density of
0.4 mA cm-2 (171).

7.4 Summary
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In conclusion, the binder-free G@CN electrocatalyst electrode with free-standing
macroporous structure exhibits excellent capacity because of the enormous density of
deposition sites for reaction products. It shows favourable rechargeability and good
electrocatalyst performance, with a high round-trip efficiency because the g-C3N4
nanosheets attached on the graphene nanosheets play a key catalyst role towards the
ORR and OER reactions. Therefore, this metal-free, free-standing macroporous
G@CN structure is promising for use as an ideal air electrode for lithium oxygen
batteries, with high capacity, favourable rechargeability, and high round-trip
performance.
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Chapter 8

A Hybrid Gel/solid-state Polymer

Electrolyte for Long-life Lithium Oxygen Batteries

8.1 Introduction
At present, the non-aqueous lithium oxygen battery is typically composed of a lithium
metal anode, a porous air cathode open to O2 in the atmosphere, and a lithium-ionconducting organic liquid electrolyte between the two electrodes (115, 173, 203).
According to recent published reports, this battery design has significant technical
defects: (i) the liquid electrolyte evaporates or dries out during long-term cycling; (ii)
the lithium metal anode directly reacts with oxygen; and (iii) liquid electrolytes limit
choices in cell design due to their fluidic characteristics and the need for separator
membranes in the cell assembly (205, 208, 273-276). Therefore, replacing the liquid
electrolytes may be another promising strategy to address the challenges mentioned
above, by such alternatives as gel-polymer electrolyte or solid-state electrolyte (210,
276-279). Gel-polymer electrolytes (GPEs) which are generally composed of liquid
electrolyte in a polymer matrix are widely used in lithium ion batteries owing to their
excellent ionic conductivity, high safety, and mechanical flexibility (151, 152, 280282). Solid electrolytes are good to prevent the oxygen diffusion but with low ionic
conductivity (152, 283, 284). Therefore, it would be good to combine both solid
electrolyte and gel-electrolytes together to form a hybrid electrolyte to achieve both
high ionic conductivity and good protection for Li to directly contact and react with
O2. On the other hand, it is worth considering the deposition of Li2O2 during
discharge: the oxygen reduction reaction (ORR, O2 + 2Li+ + 2e−→ Li2O2), and the
decomposition of Li2O2 during the charge process: the oxygen evolution reaction
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(OER, Li2O2 → O2 + 2Li+ + 2e−), which are two important processes that determine
the performance of Li-O2 cells (173, 203, 208, 274). To achieve high energy and longterm cycling stability, an efficient electrocatalyst plays an important role in the ORR
and OER. Ruthenium based nanoparticles have already been actively employed as
catalysts in various areas, such as the water splitting oxygen evolution reaction (285287), CO oxidation (288, 289), alcohol oxidation (290, 291), and amine oxidation
(292). Recently, Shao-Horn’s and other groups confirmed the catalytic activity of
RuO2 towards oxygen evolution in acid and alkaline aqueous solutions, also showing
that its stability under OER conditions is higher than that of ruthenium carbon
composites (86, 293). In order to go on to make a high dispersion, low aggregation,
and large surface area catalyst, two-dimensional nitrogen-doped graphene catalyst
support has been used (294). Therefore, in this work, we have designed a special
flexible lithium oxygen battery device using gel-solid polymer electrolyte, which can
not only avoid electrolyte evaporation, but also protects the lithium metal anode
during reaction. RuOx nanoparticles decorated uniformly on nitrogen-doped graphene
were employed as the cathode material. This system exhibits excellent rechargeability
performance.

8.2 Experimental

Cathode material synthesis: Graphene oxide (GO) was synthesized from graphite
(Aldrich, powder, < 20 nm, synthetic) by the Hummers method, the details of which
have been described elsewhere. RuOx decorated on the nitrogen-doped reduced
graphene oxide (NrGO@RuOx) composite was prepared via the microwave
hydrothermal route from the raw materials RuCl3, graphene oxide, and urea as the
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nitrogen source. First, the graphene oxide aqueous solution (2 mg ml-1) was mixed
with urea (GO: urea = 1:400, wt. %) and RuCl3 (rGO: RuOx = 7:3, molar) under
vigorous agitation and ultrasonication for 1 h. The mixed solution was transferred into
a microwave autoclave (inside volume 100 ml), and then reacted at 180 oC for 30 min.
After the reaction, the resultant precipitate was collected, washed with water and
ethanol for several times, and dried at 80 oC in vacuum. Gel-solid polymer electrolyte
synthesis: gel-polymer electrolyte was prepared by mixing 1 M LiCF3SO3 in
tetraethylene glycol dimethyl ether (TEGDME) liquid electrolyte. Ethoxylated
trimethylolpropane triacrylate (ETPTA, Mw = 428, trivalent acrylate monomer), 2hydroxy-2-methyl-1-phenyl-1-propanon (HMPP, photo-initiator), and vacuum-dried
Al2O3 nanoparticles (average particle size = 50 nm, Sigma) were mixed with the
above liquid electrolyte in an argon filled glove box. The weight-based composition
ratio of the (ETPTA/liquid electrolyte = 15/85 w/w)/ Al2O3 = 35/65 w/w, in which the
concentration of HMPP was fixed at 1.0 wt % of the ETPTA. The solution was then
subjected to vigorous mixing via ball milling for 0.5 h at 400 rpm under argon
protection, to yield a uniform dispersion of Al2O3 nanoparticles.
Air electrode preparation: A piece of gas diffusion layer (2.5 cm × 7 cm) was placed
on a hotplate (100 oC), and the obtained N-rGO@RuOx in an ethanol dispersed
solution was coated on the surface of the gas diffusion layer (composite coating
weight = 1.5 mg cm-2, composite coating area = 2.5 cm × 5 cm) by brushing it on
layer by layer. Then, the whole electrode was dried at 140 oC in a vacuum oven
overnight. In the second step, the obtained gel polymer electrolyte was brushed on the
surface of the gas diffusion layer (catalyst side) to a depth of about 1-2 mm, following
by UV lamp irradiation to solidify the gel to form a solid layer. The entire process
was carried out in an argon-filled glove box. For the liquid electrolyte, the same
152

procedure was used to make a N-rGO@RuOx coated gas diffusion layer, following by
cutting it into 12 mm disks for the electrodes. Anode electrode preparation: nickel
foam (2.5 cm × 5 cm) was filled with the obtained gel polymer electrolyte, and a layer
about 1 mm thick was brushed on the side of the nickel foam. At the same time,
lithium foil (2.5 cm × 5 cm) was attached on the other side of the nickel foam. An
extended nickel tip was attached as the current collector. Lithium oxygen battery
assembly: For the gel-solid state polymer electrolyte, the assembly steps are shown in
the schematic diagram in Fig. 8.1. As for the liquid electrolyte cell, electrochemical
experiments were performed using CR2032 type coin cells with holes in the cathode
shell. The electrolyte consisted of a solution of 1 M LiCF3SO3 in tetraethylene glycol
dimethyl ether (TEGDME). Pure lithium foil was used as the counter electrode. The
cells were assembled in an argon-filled glove-box (Mbraun, Unilab, Germany).
Galvanostatic discharge-charge cycling was conducted witha fixed 1000 mAh g-1 cutoff discharge capacity, with discharging followed by charging to 4.5 V vs. Li+/Li. All
tests were carried out on LAND CT 2001A multi-channel battery testers at room
temperature in oxygen atmosphere using our specially designed facility. LSV was
conducted between 2.5 and 6 V at the scanning rate of 10 mV·s-1 (Princeton Applied
Research PARSTAT 2273) to evaluate the stability of the gel-solid electrolyte, using
lithium as reference and counter electrode and a piece of stainless steel as the working
electrode. The ionic conductivity of the gel-polymer electrolyte was determined by
AC impedance spectroscopy using two pieces of stainless steel (Princeton 2273). The
electrolyte was sandwiched between two parallel stainless steel discs (d = 1 cm). The
thicknesses of the films were measured using a micrometer screw gauge.
Temperatures were controlled with a homemade oven and were kept constant during
each measurement. The frequency ranged from 1 Hz to 106 Hz at a perturbation
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voltage of 10 mV. The ionic conductivity was calculated from the electrolyte
resistance (Ra), obtained from the intercept of the Nyquist plot with the real axis, the
membrane thickness (L), and the electrode area (S) according to Equation (8.1). The
temperature dependence of the conductivity shows classical Arrhenius behaviour
according to Equation (8.2).

𝜎=

𝐿

(8.1)

𝑅𝑅 𝑆

Meanwhile, the activation energy of the ionic conductivity of the gel-polymer
electrolyte samples with various polymerization times was examined according to
Equation (8.2).

𝜎 =𝜎0exp(‒𝐸𝑎/𝑅𝑇)

(8.2)

Where σ is the ionic conductivity, σo is a constant, Ea is the activation energy, R is the
gas constant and T is the temperature.

Characterization: The particle size and morphology of the samples were examined
using transmission electron microscopy (TEM, 200 kV JEOL 2011 instruments).
Raman spectroscopy was performed on a Jobin Yvon HR800 Raman spectrometer
employing a 10 mW neon laser at 632.8 nm. X-ray photoelectron spectroscopy (XPS)
experiments were carried out on a VG Scientific ESCALAB 2201XL instrument
using aluminium Kα X-ray radiation. XPS spectral analysis was conducted using XPS
Peak-fit software.

8.3 Results and Discussion
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8.3.1 Structure and morphologies

The general process for the system is illustrated in Fig. 8.1. Typically, the composite,
RuOx decorated on the nitrogen doped reduced graphene oxide (N-rGO@RuOx), is
obtained by the microwave hydrothermal method. The first step is to coat the obtained
N-rGO@RuOx on the gas diffusion layer, following by brushing on a gel-polymer
electrolyte (GPE) layer to a thickness of about 1-2 mm. Then, the above cathode
electrode is exposed to an ultraviolet (UV) lamp for different times to drive the
polymerization reaction to form a solid-state layer. For the anode electrode
preparation, about 1-2 mm of GPE is brushed on one side of a piece of nickel foam,
and the lithium metal is attached on the other side of the nickel foam. The schematic
diagram in Fig. 8.1 (h) shows the internal structure of the lithium oxygen battery
device. The gel-solid layer and the nickel foam immersed in GPE were designed to
avoid the electrolyte evaporation and protect the lithium metal anode from
oxidization.
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Figure 8.1 Schematic flow-process diagram of the fabrication of the flexible lithium
oxygen battery system: (a) gas diffusion layer (GDL) coated with N-rGO@RuOx; (b)
gel-polymer electrolyte brushed on the side of GDL coated with N-rGO@RuOx; (c)
air electrode after polymerization to form a solid layer; (d) nickel foam; (e) fill the
nickel foam with the obtained gel polymer electrolyte and brush about 1 mm on the
side of the nickel form; (f) photograph of flexible lithium oxygen battery; (g) the
process of polymerization to form a polymer network; (h) schematic diagram of the
internal structure of the device. TEGDME: tetraethylene glycol dimethyl ether;
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ETPTA: ethoxylated trimethylolpropane triacrylate; HMPP: 2-hydroxy-2-methyl-1phenyl-1-propanon (295).

Figure 8.2 (a) Raman spectra for rGO and N-rGO@RuOx composite; (b) HRTEM
image of the N-rGO@RuOx composite; XPS results for N-rGO@RuOx composite: (c)
Carbon XPS data; (d) Nitrogen XPS data; (e, f) Ruthenium XPS data (295).

Figure 8.3 HRTEM images of the N-rGO@RuOx composite (295).
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The as-prepared cathode materials were characterized by Raman spectroscopy and
high-resolution transmission electron microscopy (HRTEM), as shown in Fig. 8.2 (a,
b) and Fig. 8.3. Compared with pure rGO, there are two corresponding Raman bands
at 1590 cm-1 (G band) and 1325 cm-1 (D band), but two additional Raman bands also
appear at the positions of ~ 510 and ~ 620 cm−1 for N-rGO@RuOx composite, which
correspond to the Ru-O bonding shift (296). HRTEM analysis was employed to
determine the morphology and the particle size distribution of the RuOx nanoparticles
on the rGO. The as-prepared rGO nanosheets have a laminar structured morphology,
and the RuOx nanoparticles are uniformly attached on the nanosheets. The size of
most nanoparticles is in the range of 1–3 nm. The composite was also characterized
by X-ray diffraction (XRD), as shown in Fig. 8.4, although there are no obvious RuOx
signals, which may have resulted from the small particle size.
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Figure 8.4 XRD pattern for the N-rGO@RuOx composite (295).

X-ray photoelectron spectroscopy (XPS) was further used to gain insight into the
chemical bonding in N-rGO@RuOx composite, as shown in Fig. 8.2 (c-f). The XPS
spectrum in the C 1s region (Fig. 8.2c) is quite complex, showing a total of seven
components, including peaks assigned to the Ru 3d photoelectrons, at 282.7 eV (Ru
3d5/2) and at 284.6 and 287.5 eV (Ru 3d3/2) (297-300). The C 1s peak of the original
N-rGO can be deconvoluted into four components. The most intense peak at 284.8 eV
is assigned to C=C/C-C, which, together with the component at 289.3 eV that
corresponds to C=O/O-C=O, is a signature of graphene obtained via the hydrothermal
method. In addition, two peaks at 285.9 and 287.5 eV result from sp2 C-N and sp3 CN bonding. The same information for nitrogen is shown in Fig. 8.2 (d), where the N
peak of the original N-rGO can be deconvoluted into three different components, at
398.3, 400.1, and 401.4 eV, corresponding to pyridinic, pyrrolic, and graphic types of
nitrogen, respectively (214, 263, 301). In order to confirm the hydrous nature of the
as-synthesized RuOx nanoparticles in the composite, although ruthenium is typically
analyzed by the strong signals from the 3d photoelectrons, here we used the 3p
spectrum instead in order to avoid interference from the carbon substrate. The Ru
3p3/2 peak in Fig. 8.2 (e) was deconvoluted into two components, which were
identified with RuOH (467.1 eV) and RuO2 (463.8 eV). A signal with a similar ratio
is estimated from Ru-O-Ru, identified at 528.9 eV, and Ru-O-H, centred at 530.2 eV
(Fig. 8.2 (f)) (297-299).

High ionic conductivity is one of the most important prerequisites on materials for
application in electrolyte. The temperature dependent ionic conductivity of the gel159

polymer electrolyte with various polymerization times was examined using the AC
impedance spectroscopy technique. With extended polymerization time, the ionic
conductivity of the electrolyte tends to decrease (Fig. 8.5). This observation is largely
attributed to the formation of a solid structure that restricts the mobility of the lithium
ions when compared with the liquid electrolyte. On increasing the testing temperature,
the electrolyte ionic conductivity experiences an increasing trend due to the kinetic
influence. Meanwhile, it is worth calculating the activation energy (Ea). The
activation energy of different gel-polymer electrolytes with various polymerization
times was calculated, and the results are shown in Fig. 8.6(a). GPE with 5 s
polymerization time has lower activation energy, 16.1 kJ mol-1, than GPE with 10 s
(17.8 kJ mol-1) and 15 s (19.6 kJ mol-1). A low Ea value for a gel electrolyte indicates
facile ionic transport along the conducting channels. Therefore, it is reasonable to
assume from the above results that the increasing thickness of the solid layer
decreases the electrolyte ionic conductivity and increases the activation energy of the
electrolyte.

In order to test the oxygen permeability of the GPE with different

polymerization times, small bottles containing lithium foil and using GPE as the cover
were kept in pure oxygen atmosphere. After several days, the lithium metal was still
shining when kept under GPE with longer polymerization time (Fig. 8.7). Therefore,
the solid layer can efficiently slow down the oxygen diffusion rate. To investigate the
electrochemical stability of the GPE, LSV measurements were carried out in the
potential range between 3.0 and 6.0 V (V vs. Li/Li+) at a scan rate of 5.0 mV s−1. As
shown in Fig. 8.6 (b), no obvious significant oxidation current was observed below
5.0 V, indicating that the obtained gel-polymer electrolyte samples were
electrochemically stable up to 5.0 V, so that they could be applied in high voltage
batteries. These results were in agreement with previous results (254).
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Figure 8.5 Temperature dependence of the ionic conductivity of electrolyte samples
with different polymerization times (295).

Figure 8.6 (a) Activation energy of the gel-solid-state polymer electrolyte with
different degrees of polymerization; (b) stability of the gel-solid-state polymer
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electrolyte with different degrees of polymerization; c) First discharge-charge curves
of the cell using GPE with 5 s polymerization time at different current densities of
0.1, 0.4, 0.6, and 0.9 mA cm-2, with a capacity of 1000 mAh g-1(composite); d) XRD
patterns of the cathode electrode collected at different reaction steps (current density =
0.4 mA cm-2) (e) cycling performance of cells using liquid and GPE-5s electrolyte; (f)
Discharge/charge curves for the 20th cycle for cells using liquid and GPE-5s
electrolyte (295).
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Figure 8.7 a) free-standing electrolyte and membrane after 15s irradiation by UV
lamp; b) Homemade simple system to detect the oxygen permeability of GPE
electrolyte samples with different polymerization times (295).

The electrochemical properties were then examined in pure oxygen atmosphere. The
rate performance of the cell using GPE with 5s polymerization time with a fixed
specific capacity of 1000 mAh g-1(composite) is shown in Fig. 8.6 (c). At the current
densities of 0.1, 0.4, 0.6 and 0.9 mA cm-2, it exhibits lower overpotential and
excellent round trip efficiency. At the same time, reversibility of the catalyst is also
shown in Fig. 8.6d. Compared with the pristine electrode, there is clear evidence of
crystalline Li2O2 formation at the end of discharge. In the following charging, the
discharge products become barely visible and cannot be detected, which is consistent
with the results obtained by other groups (86, 173, 254). The high catalytic activity of
RuOx together with the high ionic conductivity of the gel-polymer electrolyte plays an
important role in the formation and decomposition process.
The GPE-5s sample was compared with normal liquid electrolyte in Fig. 8.6 (e). The
cell using liquid electrolyte showed stability during the first 40 cycles, following by a
slow decrease until 65 cycles. Then, the cell died, which largely resulted from the
drying out of the liquid electrolyte and lithium metal oxidation after long-term
cycling, from the evidence cell disassembly in Fig. 8.8. Compared with liquid
electrolyte, the cell using GPE with 5 s polymerization time shows a stable cycling
performance, and the voltage obtained at the discharge terminal is higher than 2.2 V
for 140 cycles with 0.4 mA cm-2 current density. There are also no obvious chemical
bonding changes as shown in the FT-IR results (Fig. 8.9), which indicates the hybrid
gel/solid state electrolyte keeps a highly stability during the discharge and charge. In
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addition, in Fig. 8.6 (f), the device using GPE with 5 s polymerization time also
shows a lower overpotential and higher round trip efficiency than the normal liquid
electrolyte even after the 20th cycle. Meanwhile, the stability of the GPE with 5s
polymerization time after cycling was tested using the same technique in Fig. 8.9,
where even after 140 cycles, the gel polymer electrolyte still exhibits high stability
when the working potential is lower than 4 V. The excellent cycling performance was
largely attributed to the low evaporation rate and higher stability of the GPE-5s
electrolyte, as well as the protection of the lithium metal anode during long-term
cycling.

Figure 8.8 Disassembled batteries: (a, b) ordinary liquid cells. (c) gel-solid-state
polymer electrolyte (295).
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Figure 8.9 FT- IR spectra of the solid electrolyte layer and gel polymer electrolyte
immersed in nickel foam before and after 2 cycles (295).

In addition, for further research on a flexible battery, the battery (inset image in Fig.
8.10 (b)) was bent and tested in oxygen atmosphere. In Fig. 8.10, it shows an
excellent discharge and charge curve in the first cycle and demonstrates good cycling
performance. After 10 cycles, however, the overpotential was greatly increased, and
the terminal voltage was also decreased significantly, which may have resulted from
the huge connection resistance due to bending.

Figure 8.10 Electrochemical performance of bent lithium oxygen battery: (a)
discharge and charge curves of the 1st and 10th cycles; (b) cycling performance of the
battery (inset image is photograph of bent battery) (295).
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8.4 Summary

A hybrid gel-solid-state polymer electrolyte has been synthesized and used as the
separator and electrolyte for a flexible lithium oxygen battery. Compared with the
generally used liquid electrolyte, it shows high ionic conductivity and low activation
energy, and it also can not only avoid electrolyte evaporation, but also protects the
lithium metal anode during the reactions in long-term cycling. Excellent cycling
performance is also demonstrated, in which the terminal voltage is higher than 2.2 V
after 140 cycles at 0.4 mA cm-2, with 1000 mAh g-1(composite) limited capacity.
Therefore, this gel-solid-state polymer electrolyte is promising for use as a separator
as well as an electrolyte for lithium oxygen batteries with good mechanical flexibility
in the future.
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Chapter 9

Conclusion and Research Outlook

9.1 General Conclusion

In this doctoral work, the two major components in the lithium oxygen battery system
have been investigated, including the cathode materials and the electrolyte. The
synthesis,

physical

features

and

electrochemical

performance

of

various

nanostructured electrocatalyst for Li-O2 batteries were thoroughly characterized. In
the case of one-dimensional AgPd-Pd composite nanotubes, the effects of the porous
structured on the catalytic activity of the electrocatalyst and the abundant catalytic
active sites for Li-O2 batteries were investigated. MnO/Carbon nanotubes and
B4C/carbon nanotube composites were also investigated as electrocatalysts and
achieve high capacity, high round-trip efficiency, and excellent cycling performance
in Li-O2 batteries. In addition, a metal-free, free-standing macroporous graphene/gC3N4 composite air cathode has been reported for the first time, in which the g-C3N4
nanosheets can act as an efficient electrocatalysts, while the macroporous graphene
nanosheets can provide space for Li2O2 to deposit and can also promote electron
transfer. Finally, the application of a hybrid gel-solid-state polymer electrolyte as the
separator and electrolyte for Li-O2 batteries was studied. It can not only avoid
electrolyte evaporation but also protect the lithium metal anode during the reactions
over long-term cycling. Based on the work presented in this dissertation, these finding
can broaden our knowledge in the field of novel electrocatalysts and gel-solid-state
electrolyte in Li-O2 batteries.
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The development of the Li-O2 in this thesis started with noble metal of porous AgPdPd composite nanotubes. The AgPd-Pd nanotubes were synthesized by the galvanic
replacement method, which can act as an efficient bifunctional catalyst for the ORR
and OER in Li-O2 batteries. This porous nanotubes structure shows favorable
rechargeability and excellent energy efficiency, facilitating rapid O2 and electrolyte
diffusion through the nanotubes, as well as forming a continuous conductive network
throughout the whole energy conversion process.

A novel composite of manganese monoxide loaded onto multi-wall carbon nanotubes
(CNT@MnO) was synthesized by a facile approach, in which the CNTs form a
continuous conductive network connecting the electrocatalyst MnO nanoparticles
together to facilitate good electrochemical performance. The MnO electrocatalyst
presents favorable rechargeability, and good phase and morphology stability in Li-O2
batteries. Excellent discharge/charge performance is also demonstrated, delivering
charge/discharge capacities of 6360/5510, 5916/4974, 4137/3905, and 2527/2293
mAh g-1 at 0.1, 0.2, 0.4, and 0.6 mA cm-2 current densities, respectively. Therefore,
CNT@MnO composite is promising for use as a cathode electrocatalyst material for
Li-O2 batteries.

B4C nanowire loaded on CNTs as bifunctional electrocatalyst have been reported for
the first time. The composite electrode achieved both high round-trip efficiency and
long cycle life without the use of any noble metal catalyst. The B4C nanowires in the
composite can act as an efficient bifunctional electrocatalysts and the composite
electrocatalyst with carbon nanotubes can achieve high capacity (16000 mAh g-1),
high round-trip efficiency (76 %), and excellent cycling performance up to 120 cycles.
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All of this high performance is based on the high catalytic activity of the B4C
nanowires towards the ORR and OER reactions in the composite. Therefore, this
composite is a promising bifunctional electrocatalyst for Li-O2 batteries, with high
energy density, favorable rechargeability and high round-trip performance.

A metal-free, free-standing, macroporous graphene@graphitic carbon nitride (g-C3N4)
composite has been successfully prepared via a hydrothermal route. In this composite,
the macroporous structured graphene framework is used as an electrocatalyst support
with high electronic conductivity. The g-C3N4 nanosheets were successfully
integrated into the composite to effectively catalyze the chemical reactions. The
electrochemical results on the graphene@g-C3N4 composite air electrode show a 0.48
V lower charging plateau and a 0.13 V higher discharging plateau than those of pure
graphene air electrode, with a discharge capacity of nearly 17300 mA h g-1. Excellent
cycling performance, with the terminal voltage higher than 2.4 V after 105 cycles at
1000 mA h g-1 capacity, can also be achieved. Therefore, this hybrid material is a
promising candidate for use as a high energy, long-cycle-life and low-cost cathode
material for Li-O2 batteries.

In addition to cathode materials, a new type of electrolyte was also studied for Li-O2
battery system. A hybrid gel-solid-state polymer electrolyte has been used as both the
separator and the electrolyte in Li-O2 batteries. A special flexible Li-O2 battery device
using a gel-solid polymer electrolyte was also designed, which can not only avoid
electrolyte evaporation, but also protects the lithium metal anode during reaction.
RuOx nanoparticles decorated uniformly on nitrogen-doped graphene were employed
as cathode materials. This system exhibits excellent rechargeability performance, in
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which the terminal voltage is higher than 2.2 V after 140 cycles at 0.4 mA cm-2, with
a limited capacity of 1000 mA h g-1. This gel-solid-state polymer electrolyte is
promising for use in the future as a separator as well as an electrolyte for Li-O2
batteries with good mechanical flexibility.

In conclusion, although different electrochemical performance and mechanism are
observed in our works on different cathode electrocatalysts, including metal oxide,
carbon materials, and precious metal alloy, we can roughly reach the conclusion that
air electrode with porous nanostructure always exhibits a high full discharge capacity.
That is because porous nanostructure leading to high surface area can provide
sufficient space for reaction product deposition. In other words, passivation of activity
sites from massive deposits of insulating reaction product is likely to lead to
premature cell death, which will further result in large polarization and unsatisfactory
cycling

performance.

Precious-metal-based

electrocatalyst

shows

a

lower

overpotential than metal oxide and carbon materials, which may be the result of the
highly efficient activity.

Therefore, it is important and necessary to design a

promising air electrode with porous structure as well as high catalytic activity. As for
the electrolyte, there are also many efforts made to design a stable electrolyte, such as
ionic liquid electrolyte, because undetermined intermediate reaction products formed
from high-activity LiO2* and electrolyte decomposition.

9.2 Outlook
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Li-O2 batteries are becoming one of the most promising energy storage and
conversion technologies because of their ultrahigh energy density. They are, in fact,
still in the infancy stage of development. There are many challenges needing to be
overcome before their practical commercial application, involving low round-trip
efficiency, low capacity and practical energy density, poor cycleability, and low rate
capability, as well as many others. These challenges seem to be caused by the lowperforming air cathode of the Li-O2. Therefore, seeking new cathode materials and
designing/fabricating specific structures to reduce the overpotential, especially during
the charge process, are the primary future tasks related to the development of
rechargeable non-aqueous Li-O2 batteries. This doctoral work has been mainly
focused on the synthesis and characterization of nanostructured cathode
electrocatalysts and gel-solid-state polymer electrolyte for long-life Li-O2 batteries.
Based on the work presented in this thesis, we expect that our strategy to synthesize
nanostructured electrocatalysts and novel electrolyte could be of general interest and
have an influence on potential electrocatalytic materials. As rechargeable Li-O2
batteries just enter their next generation, scientists and engineers predict an even
brighter future lies ahead.
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